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ABSTRACT 
STUDY ON HEAVY METAL ABSORPTION BY PLANTS 
MAY 2001 
VALTCHO D. JELIAZKOV, B.S., HIGHER INSTITUTE OF AGRICULTURE PLOVDIV 
BULGARIA 
M.S., HIGHER INSTITUTE OF AGRICULTURE PLOVDIV BULGARIA 
Ph.D., HIGHER INSTITUTE OF AGRICULTURE PLOVDIV BULGARIA 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Lyle E. Craker 
Two groups of container experiments were conducted to study heavy metal absorption 
by plants. The objectives of the first group of experiments were: (1) to evaluate the effect of Cd, 
Pb, and Cu, on productivity, essential oil content and quality of peppermint, basil, dill, and sage, 
and (2) to estimate metal transfer and accumulation in plant parts and in the essential oils. In the 
first experiment, elevated concentrations of Cd (2, 6, and 10 mg/L), Cu (20, 60, and 150 mg/L), 
and Pb (50, 100, and 500 mg/L) on basil, peppermint, and sage were evaluated. Cadmium and 
Pb did not decrease peppermint yields. The application of Cu at 60 and 150 mg/L reduced 
yields compared to the control. Basil yields were reduced by application of Cd at 6 and 10 
mg/L, Pb at 500 mg/L, and Cu at 20, 60, and 150 mg/L. Sage yields were reduced by Cd at 6 
and 10 mg/L, Pb at 50, 100, and 500 mg/L, and by Cu at 60, and 150 mg/L. All three plants 
developed phytotoxicity symptoms in the 150 mg/L Cu treatment. In the next experiment, the 
following concentrations were applied to peppermint and basil growth medium (in mg/L): Cd 
10; Pb 100; Cu 100; Cd 10 + Pb 100; Cd 10 + Cu 100; Pb 100 + Cu 100; Cd 10 + Pb 100 + Cu 
100; and control (without metal addition). The following metal concentrations were applied to 
the growth medium of dill (in mg/L): Cd at 2, 6, and 10; Pb at 50, 100, and 500; Cu at 20, 60, 
and 150, and a control (without metal addition). Peppermint and basil yields were not affected 
by the treatments. Cu 60 and Cu 150 mg/L reduced both yields and height of dill, Cu 150 mg/L 
Vll 
induced phytotoxicity symptoms. The objectives of the second group of experiments were to 
evaluate the effect of a yard waste-manure (YWM) compost and source separated municipal 
solid waste (SS - MSW) compost on plant yields, fractionation of Cu, Mn, and Zn in the growth 
medium, on bioavailability of essential and trace elements to Swiss chard, basil, dill, and 
peppermint. Addition of MSW and high Cu YWM compost to the growth medium in 20% and 
40%, and in some instances of 60% by volume, increased yields, soil pH an EC, total 
concentration of most essential and trace elements in soil and tissue. No toxic concentrations of 
heavy metals in plant tissue were found. SS-MSW compost application increased the 
concentration of Cu, Mn, and Zn in all fractions, including exchangeable (EXCH) fraction of Cu 
and Zn, however, decreased slightly EXCH Mn. Tissue concentrations of Cu, Mn, and Zn were 
positively correlated with their soil EXCH fraction. Overall, the proportion of Cu, Mn, and Zn 
in different fractions was in sequence: organic matter (OM) » carbonate (CARB) = iron- and 
manganese oxides (FeMnOX) > exchangeable (EXCH) for Cu, FeMnOX » CARB > OM > 
EXCH for Mn, and FeMnOX » CARB = OM » EXCH for Zn. Application of 20, 40, and 
60% immature high Cu YWM compost to the soil resulted in increased EXCH fractions of Cu, 
but not of Mn and Zn. Addition of more immature YWM compost resulted in higher EXCH Cu 
compared with the addition of the same compost 3 months later. The overall proportion of Cu, 
Mn, and Zn in various fractions was as follows: OM > FeMnOx > CARB > EXCH for Cu, 
FeMnOX > CARB > OM > EXCH for Mn, and FeMnOX > CARB > OM > EXCH for Zn. 
Neither of the compost treatments resulted in toxic tissue concentration of heavy metals. Both 
compost and heavy metal applications induced alterations in the essential oil constituents of 
peppermint, dill, basil, and sage, without a clear trend. However, the essential oils from the four 
plants from all treatments were not polluted with Cd, Cu, and Pb. In conclusion, peppermint, 
dill, basil, and sage could be grown in metal polluted soils as cash crops or for 
phytoremediation, without risk of contamination of the end product, the essential oils. 
vm 
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CHAPTER 1 
INTRODUCTION 
One of the major environmental problems, the toxic metal contamination of agricultural 
soils, produces the greatest environmental stress on plants, some three times higher, on a global 
scale, than pesticides. During the last 20 to 30 years, a societal awareness and concern about 
the environment has developed, increasing the demand for environment clean-up technologies. 
The costs of soil remediation using currently available technology are too expensive and 
practically unfeasible. As a possible alternative to the limits and cost of current procedures, 
another approach has been proposed, phytoremediation (phytoextraction), a technique with 
which plants are used to decontaminate soils containing inorganic wastes, including heavy 
metals. 
Research, in identifying in highly metal tolerant plants for use in cleansing polluted 
soils, has led to some wild and cultivated species, that absorb metals in elevated concentrations 
(Baker, 1981; Baker et al., 1991; Brown et al., 1994; Kumar et al., 1995). Most of these 
species, however, are unsuitable for use as phytoextractors of heavy metal contaminated 
agricultural soils because the wild nature of the plants makes cultivation difficult and the 
relatively small size and slow growth rate of these species reduces vegetative development for 
metal accumulation. In addition, growing of wild plant species generally generates no returns 
of investment. The phytoremediation process could be improved by using aromatic, essential 
oil producing plants. Research has demonstrated that some aromatic and medicinal plants could 
grow in metal polluted soils (Schneider and Marquard, 1996; Zheljazkov and Nielsen, 
1996a,b,c). The potential of aromatic plants in phytoextraction is ideal since these species are 
grown primarily for secondary products, essential oils or other biologically active substances, 
and not the vegetation per se. Previous research (Scora and Chang, 1997; Zheljazkov and 
Nielsen, 1996) indicated that in the process of extraction and distillation of oils, only minute 
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concentrations of the heavy metals pass into the final, commercial product. That is, the product 
to be sold is not polluted with metals, which remain in the foliar wastes, which can be easily and 
safely disposed or recycled. 
Important question that needs to be addressed is what would be the level of heavy metal 
concentrations in the growth medium and in plant tissue that various aromatic plants would 
tolerate without contamination of the final product, the essential oils. There is no sufficient data 
in the literature on how elevated concentrations of Cd, Pb, and Cu as single ions and in 
combinations would affect plant productivity, and the rate of metal transfer from the vegetative 
tissue to the final product, the essential oils. Because of their toxicity to plants, animals, and 
humans, Pb, Hg, Cd, Mn, and Cu are the major elements of environmental concern. Well 
known and widely grown aromatic crops, such as basil, dill, garden sage, and peppermint, might 
have a potential for phytoremediation or as cash crops for metal contaminated sites and for sites 
amended with high heavy metal organic amendments. Therefore, several controlled container 
experiments were conducted to address the above problem. The objectives of the experiments 
were twofold: (1) to evaluate the effect of various levels of Cd, Pb, and Cu as single elements 
and in combination, on growth, productivity, essential oil content and quality of peppermint, 
basil, dill, and sage, and (2) to estimate metal transfer and accumulation in the essential oil as 
final product and (and correlate the data to) metal accumulation in various plant parts. 
One of the sources for heavy metal pollution of agricultural soils could be the use of 
some soil amendments such as compost. Compost application to agricultural land has many 
benefits: improves soil biological, chemical and physical properties, provides nutrients to the 
soil, reduces the need for fertilizers and pesticides, protects soils from erosion, increases 
beneficial soil organisms, suppresses certain plant diseases, and keeps organic wastes out of 
landfills. However, the use of some yard waste and industrial composts as soil amendments 
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may increase the concentration of some heavy metals in the environment with the possibility of 
further inclusion in the food chain. 
In order to avoid possible pollution of the ecosystem by hazardous elements, guidelines 
for waste utilization and management have been established in many countries. Most of these 
guidelines refer to the total amount of heavy metals and other hazardous elements. The total 
concentration of heavy metals in a soil, a waste material, or compost, however, is of limited 
environmental importance; the real availability of the metal to plants and potential 
contamination of the food chain is the issue. Besides, Canadian guidelines for Maximum Trace 
Element Concentrations in composts regulate concentrations of 11 elements, while every single 
element could be of environmental concern when at elevated concentrations. Of the heavy 
metals most often present in composts, copper is one of the elements that cause the greatest 
concern because of the relatively high content and potential toxicity to plants. Therefore, two 
controlled container experiments were conducted to address some of the problems outlined 
above. The objectives of the experiment with Swiss chard and basil were to evaluate the effect 
of high Cu compost on the metal speciation of Cu, Mn and Zn in the growth medium, and to As, 
Ca, Fe, Hg, K, Mg, Na, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, S, Se, and Zn availability to Swiss 
chard and basil. The objectives of the experiment with peppermint and dill were: (1) to evaluate 
the effect of various rates of high Cu compost application to growth, productivity, tissue content 
of essential and trace elements, and essential oil quality of dill and peppermint, and (2) to 
fractionate Cu, Mn, and Zn in the compost and in the growth medium and relate their 
concentration to tissue metal concentration in the tested plants. 
Recently, in a number of countries there is an increased production and interest towards 
a new product: Source-Separated Municipal Solid Waste (SS-MSW) compost. Research has 
shown that SS-MSW composts had generally lower concentration of heavy metals and toxic 
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elements than other industrial not source separated composts. This implies that SS-MSW 
compost may be safely used as soil amendment for agricultural soils. 
To assess the suitability of SS-MSW compost as a soil amendment for agricultural 
crops, a controlled container experiment was conducted. The objectives were: (1) to evaluate 
the effect of various rates of SS-MSW compost application to the growth, productivity, and the 
content of essential and trace elements in two crop plants: Swiss chard and basil, and the effect 
of MSW compost on basil essential oil quality; and (2) to fractionate Cu, Mn, and Zn in the 
control and in SS-MSW amended soils and relate their forms to plant concentration and uptake. 
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CHAPTER 2 
LITERATURE REVIEW 
A major environmental problem, developing for centuries but getting more attention in 
the last few decades, is toxic metal contamination of agricultural soils. According to Jorgensen 
(1991) on a global scale, heavy metals produce the greatest environmental stress on plants, 
some three times higher than pesticides, and the negative impact of toxic metals on the 
environment will gradually increase during the next 30-40 years. The importance of heavy 
metal contamination problem is reflected by the many studies conducted in Canada and in the 
United States. These studies especially concern the hazardous effects of Pb, Cd, Cu, Zn, Ni, As, 
Se, and Hg, on plants, animals, and humans. 
Heavy metals in soils 
Soil is a major component of the biosphere controlling the transport of heavy metals in 
the environment. Soil components are active and affect soil solution ion concentration either 
by precipitation-dissolution reactions or by ionic interactions with phase surfaces (Kabata- 
Pendias and Pendias, 1991). The major soil components that attenuate metals are: 
(1) iron and manganese oxides and in some cases aluminium and silicon oxides, 
(2) organic matter and biota, 
(3) carbonates, phosphates, sulphides, and basic salts, and 
(4) clays. 
Of all these components, clay minerals, hydrated metal oxides, and organic matter are 
considered to be the most important groups in contributing to and competing for the sorption of 
metals. 
Soil pH is one of the main factors controlling sorption of the metal cations. The term 
‘adsorption edge’ describes the narrow range of pH where the adsorption increases to the 
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highest degree (Sparks, 1995). The values of the adsorption edge for a given metal depend on 
its hydrolysis or acid-base characteristics. Naturally, heavy metal adsorption depends not only 
on pH, but also on surface coverage and the type of adsorbent. The sequence for the adsorption 
or co-precipitation of heavy metals on various hydrous metal oxides shows little consistency in 
respect to the order of selectivity. Generally, the type of surface and the pH have major affects 
on this selectivity sequence (Sparks, 1995). 
There are number of diagrams representing stability diagrams for metal ionic species as 
a function of pH and Eh (Davis, 1980; Garels and Christ, 1965; Lindsay, 1979). In most soils, 
the normal pH range is 5 to 7 and the Eh range is + 0.5 and -0.1. The properties of ionic 
species of each element fluctuate, so they have an unequal pH range for precipitation of their 
hydrous oxides (Kabata-Pendias and Pendias, 1991). In general, the most mobile pool of ions 
occurs at a lower range of pH and lower redox potential. Logically, with an increase of pH of 
the soil substrate the solubility of most heavy metal cations will decrease, so the concentration 
of metal ions in soil solution of alkaline and neutral soils will be lower than in acid soils. 
Generally, an increase in pH can bring about strong adsorption or in some instances 
precipitation of Cd, Mn, Pb, and Zn, which means lower bioavailability to plants. 
Some heavy metals are naturally present and integrated into primary and secondary 
mineral structures, which make them unavailable to plants. When the metals enter the soils let 
say as metal salts, the metal cations can be adsorbed on mineral and organic surfaces (McBride, 
1994). The same author mentioned that non crystalline aluminosilicates, Fe, Mg, and A1 oxides 
and hydroxides, and to some extent the edges of layer silicate clays provide sites for 
chemisorption of heavy metals. High pH favours sorption and precipitation of metal cations as 
oxides, hydroxides, and carbonates. High pH could cause mobilization of some metal cations 
(such as Cu), because of formation of soluble metal complexes of organic matter and hydroxyl 
groups (McBride, 1994). Generally, when the pH is raised, dissolved hydroxyl (OH)', HCO3’, 
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C03 , and organic matter concentrations increase. As a result, metal adsorption at mineral and 
organic surfaces also increases. Metal solubility in soil solutions show two trends: 1) the 
solubility decreases until pH 6-7 and 2) increases with further increase of pH because soluble 
ligands bring the metal into solution (McBride, 1994). 
Clay minerals strongly fix only Fe3+ions, slightly fix Cd, Co, and Ni ions, and only 
weakly bind other metals. Oxides and hydroxides (sesquoxides) strongly fix Cr3+, Hg, and Pb 
ions, fix relatively strongly all other metals. Iron and Mg oxides play very important role in 
respect to heavy metal behavior, as these oxides have high sorption capacity for heavy metals. 
The sorption mechanism involves the isomorphic substitution of divalent or trivalent cations for 
Fe and Mn ions (Kabata-Pendias and Pendias, 1991). Mn oxides have high selectivity for Cu2+, 
Ni2+, Co2+, and Pb2+ due to the covalent bonding, because the more electronegative a metal is 
the stronger would be the covalent bond on any given mineral surface (McBride, 1994). 
Heavy metals can co precipitate with carbonates, being incorporated in their structure. 
It has been shown that Co, Cd, Cu, Fe, Mn, Ni, Pb, Sr, U, Na, and Zn have the highest affinity 
to carbonates. Carbonates can be the main trace element sink in certain soils. They are likely to 
be found in alkaline or neutral soils, their control of heavy metal behaviour depends on pH. 
Certain trace elements such as Cu, Pb, Mn, and Zn can be incorporated in hydrated phosphates. 
For instance, in alkaline conditions Pb phosphates may be formed. Phosphates of Zn also 
precipitate in such soils. In certain soils and environment, sulfides, sulfates, and chlorides may 
be the dominant controls of the behaviour of the heavy metals. Iron (Fe2+), Cu2+, Hg2+, and 
Mn2+ can form relatively stable sulfides of acidic or neutral reducing potential in flooded soils. 
Cadmium, Co, Ni, and Zn may also be easily co-precipitated with Fe sulfides. Sulfides may be 
transformed in more soluble oxidized sulfates after the flooded soils become drained and 
aerated. Sulfates of heavy metals are readily available to plants. Sulfates of metals (mainly of 
Fe), of Al, and Ca (gypsum, anhydrite) may occur in oxidizing conditions while sulfides are 
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rare in soils, especially agriculturally important soils which are usually well drained (Ryan et 
al., 1974). Organic matter strongly fixes Cr3+, Fe3+, Hg, and Pb ions, fixes fairly Cd, Ni, and Co 
ions, and only slightly fixes Mn and Zn ions. The trivalent cations form very stable complexes 
with organic matter as each cation bonds to two or more functional groups. Some Fe3+-humic 
complexes are so stable that can resist dissociation over a pH range from 3 to 10 (McBride, 
1994). 
Fulvic acid-metal complexes are more available to plants because of their higher 
solubility constants relative to the humic acid-metal complexes. pH has a pronounced effect on 
sorption of metals on humic acid. With an increase in pH from 3 to 7 the stability of metal 
complexes with fulvic and humic acids increases as well. Fulvic acids have greater affinity for 
heavy metals compared with humic acids (McBride, 1994). Research has shown that for pure 
humic and fulvic acids, the heavy metals Cu, Zn, Pb, and Mn form several times more stable 
complexes with humic acids than with fulvic acids (Kabata-Pendias and Pendias, 1991). Both 
acids show higher affinity for Cu and Pb compared to Fe and Mn ions. At pH 4 to 5 most of the 
Cu is fixed with humic acids while at pH 6-7 Cu is fixed with fulvic acid (Kabata-Pendias and 
Pendias, 1991). Overall, the order of stability constants for metallo-organic complexes are as 
follows: 
U > Hg > Sn > Pb > Cu > Ni > Co > Fe > Cd > Zn > Mn > Sr 
(Kabata-Pendias and Pendias, 1991). Still the order depends to a great extent on pH. At pH 3.7 
the following order of metal affinity to the sorption on humic acids was estimated by Gamble 
(1986): 
Hg > Fe > Pb > Cr > Cu > Zn > Cd > Mn > Co. 
Schnitzer and Kemdorff (1981) estimated the following, dependent on pH, order of affinity of 
metal ions to form water-insoluble complexes with fulvic acid: 
Fe = Cr = Al > Pb = Cu > Hg > Zn > = Ni = Co = Cd = Mn. 
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At elevated concentrations, most heavy metals have been shown to be highly toxic to 
the majority of microorganisms, especially to fungi. However, certain soil microorganisms 
adapted to high metal concentrations. Microbes that participate at dissolution and precipitation 
of some metals may also change the metal ions valences and foster formation of organometalic 
compounds. The biological oxidation and reduction of Fe and Mn is one of the most important 
factors controlling solubility and bioavailability of metals. 
Bio-compounds produced by the soil microorganisms such as amino acids, aliphatic 
acids, aromatic acids, siderophores, polyphenols have chelating character (Stevenson and Cole, 
1999). These compounds are dynamic pool, since the concentration of a given compound 
depends on the rates of the synthesis and degradation by soil microorganisms. Tree canopy 
washings from rainfall may also produce significant amount of organic chelating compounds 
that could bind heavy metal ions. Some other organic compounds such as amino acids, hydroxy 
acids, and phosphoric acid naturally occur in soils, and also act as chelating agents for metals. 
The solubility of metal complexes depend on the binding strength and mobility of the formed 
complexes in soil. Generally, strong binding of a metal to a low molecular weight organic 
substance will appreciably increase metal mobility in soils. Organic acids produced from the 
decaying leaf litter have been known to act in heavy metal mobilization in the soil. 
According to Marschner (1997) three groups of organics are released from plant roots: 
a) low-molecular weight compounds, b) high-molecular weight compounds that form the 
mucigel, and c) cells and cell constituents that are sloughed off the roots. There are a number of 
known organic exudates (mainly low-molecular weight compounds) that act as metal chelating 
agents: simple organic acids, amino acids, sugars, phenolics. Some plants in a state of iron 
deficiency release phenolic substances that bind to Mn and Fe and enhance the phytoavailability 
of these elements. Also, chelation of these ions contributes to their transport to the root cells 
where metal ions are absorbed. There are large differences between plant species in their ability 
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to mobilize certain metal ions, due to differences in the amount and content of the root exudates 
acting as natural chelating agents. The solubility of heavy metals in soil has great significance 
for metal migration and bioavailability. Organic matter and water are the most abundant ligands 
in the soil aqueous phase, so hydrolysis and organic complexing are the most widespread 
reactions in soil solutions, and pH strongly influence these reactions. 
Heavy metals in soil-plant system 
Differences in the uptake of metal ions among plant species and cultivars are known to 
be genetically controlled. These differences are also influenced by many other factors, such as 
root surface area, root cation exchange capacity, root exudates, soil pH, soil organic matter, the 
specific metal ions and concentration, the rate of evapotranspiration, transport mechanisms 
within the plant, and mycorrhizae and symbiotic fungi (Alloway, 1990; Chaney, 1994; Chaney 
and Ryan, 1995; Kabata-Pendias and Pendias, 1991). Absorption mechanisms may vary for 
different metal ions, but ions absorbed by the same mechanism can compete with each other for 
an absorption site. In most plants, B, Cd, Mo, Co, and Zn ions are readily translocated from 
roots to shoots, Mn, Fe, and A1 are less easily translocated to the shoots, while Pb, Cr, and Cu 
ions tend to accumulate in the roots with little being transported to the shoots (Kabata-Pendias 
and Pendias, 1991). Below is a summary of the information for the metals that are the focus of 
our research: Cu, Pb, Cd, and Zn. 
Copper 
The average total copper content in uncontaminated soils around the world is 
considered to be 20-30 mg/kg dry weight with a range of 2 - 100 mg/kg (Kabata-Pendias and 
Pendias, 1991). While the average Cu content in Canadian soils is between 5 and 50 mg/kg 
(McKeague and Wolynetz, 1980), soil copper contamination from the metal processing industry 
can reach 1400 -3700 mg/kg (Freedman and Hutchinson, 1980). In addition to its most 
abundant form as Cu2+ cation, copper can exist as several other species in soils and in 
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compounds, and bonding with other elements such as Cu-O-Al, Cu-O-Mn, Cu-O-Fe (Kabata- 
Pendias and Pendias, 1991). Research has identified six pools of copper in soils: (1) inorganic 
and organic copper complexes, (2) exchangeable Cu, (3) stable organic complexes in humus, 
(4) copper adsorbed by hydrous oxides of Mn, Fe and Al, (5) copper adsorbed on the clay- 
humus colloidal complex, and (6) crystal-lattice bound Cu in soil minerals. The most abundant 
of these pools is copper complexed with organic compounds (Baker, 1990). 
Copper is one of the essential microelements for both plants and animals. Normal plant 
Cu content is around 20 mg/kg dry weight, but in some species it can be as low as 1 mg/kg and 
in others can reach 30 mg/kg (Baker, 1990). Both copper deficiency and excess can cause 
physiological disorders and diseases. Most copper is accumulated in plant roots, and little is 
transported to the shoots (Marschner, 1997). A great majority of published papers on Cu in 
plants deal with Cu content only in vegetative tissue. As with some other micronutrients, high 
Cu concentration induces changes in root morphology, i.e. inhibition of root elongation and 
growth increases in lateral roots (Savage et al., 1981). Copper is relatively immobile in plants, 
and produces chlorosis and tip necrosis if in insufficient supply (Kabata-Pendias and Pendias, 
1991). Excessive Cu concentrations in soil could cause phytotoxicity and reduction of crop 
yields. 
Lead 
Pb is an extremely toxic element, especially for young children. Significant adverse 
health effects as a result of elevated blood lead levels in children are evident (Burgoon et al., 
1995). This element is known to affect heme biosynthesis, the nervous system, and blood 
pressure. The US Centres for Disease Control and the US Environmental Protection Agency 
regard lead concentration of 10 mg/100 ml blood as a poisonous level. Lead is a known heavy 
metal contaminate of soils, a condition resulting from point emitters (such as metal smelters and 
refuse incinerators), from leaded gasoline, from agricultural pest sprays, and from lead based 
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paint (Alloway, 1990; Burgoon et al., 1995). Background lead levels in unpolluted soil vary 
between 10 and 70 mg/kg (Bergmann and Mikronahrsstoff, 1975). Plants growing in 
unpolluted soils generally accumulate between 0.01 and 3 mg Pb/kg dry weight (Chapman, 
1972; Shacklette, 1980). Average total Pb concentrations in agricultural soils vary between 10 
and 30 mg/kg, with a range of 2 to 300 mg/kg (Alloway, 1990). Total Pb concentrations 
between 100 to 500 mg/kg in soils are regarded as toxic for plants (Kabata-Pendias and Pendias, 
1991). 
Cadmium 
Cadmium is regarded as one of the most hazardous heavy metal pollutants in the 
environment and is readily accumulated in humans, animals, and plants (Piscator, 1985; 
Alloway, 1990; Bokori, 1994; Kastori et al., 1992; Rascio et al., 1993; Salim et al., 1993; 
Silanpaa and Jansson, 1992). Cd concentrations in unpolluted soils depend upon the chemical 
composition of parent rocks, but normally are about 0.5 mg Cd/kg of soil (Kabata-Pendias and 
Pendias, 1991). The main sources for Cd pollution of agricultural soils are phosphate fertilizers, 
atmospheric deposition (mainly from non-ferrous smelters), and sewage sludge deposits. 
Cadmium can enter the human body via drinking water and inhalation, but the primary carrier 
of Cd to the body is food. The major health hazard associated with Cd is accumulation of the 
metal in the kidneys with eventual dysfunction of this organ. Average total concentration of Cd 
in agricultural soils varies between 0.2 and 1 mg/kg, the range is 0.01 and 2.4 mg/kg (Alloway, 
1990). Plants on uncontaminated soil accumulate between 0.08 and 0.28 mg Cd/kg dry weight 
(Kabata-Pendias and Pendias, 1991). 
Zinc 
Zn is essential for normal plant growth and development, but at extreme concentrations 
can cause severe phytotoxicity. Average total Zn concentration in soils is between 10 to 300 
mg/kg (Lindsay, 1979). The requirement of plants for zinc has been studied extensively (Shetty 
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et al., 1994; Salim et al., 1992). In plants, normal zinc content is between 1.2 and 73 mg/kg dry 
weight (Kabata Pendias and Pendias, 1991). Generally, zinc is uniformly spread in parent rocks 
and results in surface soil content ofZn ranging from 17 to 125 mg Zn/kg of soil (Kabata- 
Pendias and Pendias, 1991). Zinc pollution of agricultural soils is associated with non-ferrous 
smelters, mining, sewage sludge application, pesticides and fertilizers, and other anthropogenic 
factors. Most plant species exhibit a high tolerance to elevated Zn concentrations in soils and 
high concentration of zinc can reduce Cd uptake by plants (Chaney and Ryan, 1995). At very 
high concentrations, zinc is phytotoxic for plants and can cause adverse affects on livestock and 
humans. 
Metal speciation 
The bioavailability and toxicity of trace metals in sediments, soils, and compost are 
greatly influenced by the metal speciation (Gunn et al., 1988). Different steps for the extraction 
of heavy metals from soil include 1) easily exchangeable (readily available), 2) bound to 
carbonate phases, 3) bound to reducible phases (Fe and Mn oxides), 4) bound to organic matter, 
and 5) residual (Tessier et al., 1979). Another extraction step called persistently bound metals is 
sometimes used between steps 4 and 5 (Bunzl et al., 1999). Because the solubility of heavy 
metals is differentiated by these forms (Xian, 1989), water extractable and exchangeable forms 
of heavy metals provide a better indication of their bioavailability than the total amount of 
metals (Petruzzelli et al., 1989; Sims and Kline, 1991). To estimate bioavailability of heavy 
metals in soils, a number of researchers used a single extraction with mild neutral salt or a 
strong chelating agent (Becket, 1989; El-Sabour, 1997; Lake et al., 1984; Pinamonti et al., 
1997; Warman et al., 1995). To fractionate heavy metals from organic additions, sequential 
extraction is thought to be a suitable procedure (Basta and Sloan, 1999; Cancet et al., 1997; Luo 
and Christie, 1998; McGrath and Cegara, 1992; Pare et al., 1999; Pitchel and Anderson, 1997; 
Planquart et al., 1999; Sims and Kline, 1991; Stover et al., 1976). Some of these authors used 
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methods based on the sequential extraction procedure published by Tessier et al. (1979) or by 
Sposito et al. (1982). A comprehensive review of extactants was published by Beckcett (1989), 
and recently a review on extraction methods for soils and sediments has been published by 
Sheppard et al. (1997). Sequential extractions appear helpful in separating different 
geochemical fractions in the soil and they can be used to determine the relative availability 
and/or solubility of heavy metals, after organic amendment applications (Sloan et al., 1997). 
Pare et al. (1999) used eight sequential extraction steps in their study of the extractability of 
heavy metals during co-composting of biosolids and municipal solid wastes. The above authors 
found that during co-composting, the easily extractable and exchangeable fraction of Cu 
decreased from 4.2% (day 0) to 2.3% (day 41). 
Sequential extractions, although better than single extractions for determining metal 
interactions, do not give an exact idea of the soil solution under natural conditions, since they 
are performed at different pHs, and at various concentrations of competing ions (Bunzl et al., 
1999). Chemical extractions of compost-amended soils do not truly estimate the relative 
bioavailability of metals for plants, because plant species and even cultivars within species 
possess different tolerance mechanisms and tolerance levels as well as different exclusion 
mechanisms for various metals. Therefore, in order to assess the real phytoavailability of given 
metal ions, results from chemical extractions of soils should be compared with actual plant 
uptake of heavy metals. 
Heavy metals and nhvtoremediation 
During the last 20 to 30 years, a societal awareness and concern about the environment 
has developed, increasing the demand for environment clean-up technologies. Currently, the 
clean up of hazardous wastes by conventional technologies in the United States is projected to 
cost at least $400 billion (Salt et al., 1995). Of this, the clean up of heavy metal contaminated 
sites is estimated to be $7 billion and the clean up of sites with mixtures of heavy metals and 
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organics to be $35.4 billion (Salt et al., 1995). The costs of soil remediation using currently 
available technology are too expensive and practically unfeasible. For instance, conventional 
remediation techniques are projected to cost between $50 and $500 per ton of soil, making the 
cost of remediation of one acre of soil up to $250,000 dollars (Cunningham et al., 1995; 
Cunningham and Ow, 1996). As a possible alternative to the limits and cost of current 
procedures, another approach has been proposed, i.e. phytoremediation, where plants are used 
to decontaminate soils containing organic or inorganic wastes (Baker, 1981; Berti et al., 1994; 
Brown, 1995; Brown et al., 1994; Brown et al., 1995; Comis, 1995; Chaney, 1995; Cunningham 
and Ow, 1996; Kumar et al., 1994; Raskin et al., 1994; Salt et al., 1995). Although recognition 
of phytoremediation follows bioremediation (using microorganisms to degrade pollutants in 
situ), the idea of phytoremediation is not new. Comprehensive research using semi-aquatic 
plants and ecosystems for remediation of radionuclide contaminated waters were conducted in 
Russia at the beginning of the nuclear era (Salt et al., 1995; Timofeev-Resovsky et al., 1962). 
Although applicable to organic toxins in soils (Anderson et al., 1993; Barton et al., 1994; 
Bender et al., 1994; Shanon and Unterman, 1993; Summers, 1992; Walton and Anderson, 
1992), bioremediation of heavy metal contaminated soils by microorganisms is unsuitable for 
the heavy metals as the metals cannot be degraded nor removed from soil by microorganisms. 
Phytoremediation of heavy metals by plants can be classified into three types: 
(1) phvtoextraction, where metal-accumulating plants are used to transport and 
concentrate metals from the soil into harvestable parts of roots and above-ground shoots (Kumar 
et al., 1995); 
(2) rhizofiltration, where plant roots absorb, precipitate, and concentrate toxic metals 
from polluted effluents (Dushenkov et al., 1995); and 
(3) phytostabilization, where heavy metal tolerant plants are used to reduce the mobility 
of heavy metals and thus reduce the risk of further environmental degradation (Salt et al., 1995). 
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Of these phytoremediation mechanisms, phytoextraction appears to be the most suitable and 
cost effective alternative to the conventional approaches for remediation of heavy metal 
polluted agricultural soils. With phytoextraction, metals are physically absorbed from the soil 
by plants, making collection of the contaminated plant material an effective mechanism for 
removal of the metal from the immediate site. The metal contaminated plant tissue could be 
easily and safely disposed or could be used as a source for recycling the metals (Brown et al., 
1995; Chaney, 1995). Rhizofiltration, which is being used for cleaning of radionuclide 
contaminated water, works best where contamination rates are low and water volumes are high 
(Dushenkov et al., 1995). Phytostabilisation, applicable for revegetation and stabilization of 
mine wastes, requires metal tolerant plants adaptable to a wild environment (Smith and 
Bradshaw, 1979). 
Heavy metals and aromatic and medicinal plants 
There is very little information in the literature on the effect of heavy metals on 
aromatic and medicinal plants and/or on plant oil synthesis and quality. Scora and Chang 
(1997) grew peppermint on sewage sludge treated soil that had metal concentrations 30 to 60 
times higher than the respective metal content of the control soil. In their study, yields did not 
decrease by the presence of high Cd, Cr, Cu, Ni, Pb, and Zn concentrations in the medium. GC 
analysis of the oil did not reveal any differences between oils from different treatments, that is 
essential oil constituents were not influenced by higher metal concentrations in the growth 
medium. Tissue Cu and Zn in the highest sewage sludge treatment in the experiment of Scora 
and Chang (1997), reached 44 and 87 mg/kg, respectively. Interestingly, Zheljazkov and 
Nielsen (1996b), in a field experiment with peppermint grown in very highly polluted soils 
reported very similar values for tissue Cu and Zn to those reported by Scora and Chang (1997). 
Both Scora and Chang (1997), and Zheljazkov and Nielsen (1996b), reported that heavy metals 
concentration in the plant oils from various treatments were not different relative to the control. 
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Comparatively, Pb and Zn content in the peppermint reported by Scora and Chang (1997) were 
higher than values reported by Zheljazkov and Nielsen (1996b), while in Zheljazkov and 
Nielsen, (1996b) Cu in the oil was higher than in the report of Scora and Chang (1997). The 
above reports have clearly shown that when peppermint was grown in heavy metals polluted 
medium, essential oil contained minute amounts of metals. Therefore, peppermint crop could 
be a good choice for heavy metal contaminated agricultural soils. 
Misra (1996) evaluated the manganese toxicity and tolerance of Japanese mint (M 
arvensis). He suggested that Mn oxidation in mint may play a significant role in Mn tolerance 
of Japanese mint, that is the plant retains most of the excessive amount of Mn in their roots and 
little is transported up to the shoots. The above author found that essential oil quality differed 
depending on the Mn tolerance of the cultivars. Unexpectedly, in both cultivars, the menthol 
content of the oil increased as the Mn concentration in the solution increased from 0.0 to 4 and 
10 mg/L and decreased at higher Mn concentrations of 40 and lOOmg/L. However, the 
menthone content of the oil did not show a clear trend of increase or decrease as a function of 
increased Mn concentration in the growth medium, although fluctuating in different treatments. 
In another study, Misra and Sharma (1991a,b) found that a higher concentration of zinc and iron 
in the growth medium increased the essential oil yield and the menthol content in M. arvensis. 
Japanese mint might have higher requirements for the above metals and, if they were at 
insufficient concentration, additions of Zn and Fe to the growth medium could enhance the oil 
synthesis in plants. One of the problems in interpreting results from such experiments is the 
general lack of sufficient research and information on deficiency, optimal, and toxicity levels of 
toxic metals in aromatic plants. This may be due to the fact that the group of aromatic and 
medicinal plants is vast, includes hundreds of species, thousands of varieties and ecotypes, 
while these species are not regarded as major crops, so funding and research have been limited. 
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Research has indicated that some species/cultivars of aromatic plants can be 
successfully grown in heavy metal contaminated soils with only limited reductions in plant 
growth (Zheljazkov, 1995 a, b; Zheljazkov and Wilcox, 1995; Zheljazkov and Nielsen, 1996 a, 
b, c; Zheljazkov and Fair, 1996; Zheljazkov and Nikolov, 1996). Also, experiments with three 
cultivars of clary sage (Salvia sclarea L.) indicated that the leaves, stems, and roots would 
accumulate significant concentrations of heavy metals, but there was no detectable transfer of 
cadmium to the essential oil. Experiments with some other oil-bearing plants have also 
indicated that metals are not accumulated in the vegetable oil, although they are taken up by 
plants (Roscamp, 1984). Aromatic crops, such as basil, dill, garden sage, and peppermint, 
might have a potential for phytoremediation or as cash crops for metal contaminated sites and 
for sites amended with high heavy metal organic amendments. 
Bioavailabilitv of Cu from compost-amended soils 
Compost application to agricultural land has many benefits: improves soil biological, 
chemical, and physical properties, provides nutrients to the soil, reduces the need for fertilizers 
and pesticides, protects soils from erosion, increases beneficial soil organisms, suppresses 
certain plant diseases, and keeps organic wastes out of landfills. However, the use of some yard 
waste and industrial composts as soil amendments may increase the concentration of some 
heavy metals in the environment with the possibility of further inclusion in the food chain. In 
order to avoid possible pollution of the ecosystem by hazardous elements, guidelines for waste 
utilization and management have been established in many countries (Barth, 2000; CCME, 
1996; Chaney and Ryan, 1993; McGrath et al., 1994; Tontti and Makela-Kurto, 2000). Most of 
these guidelines, however, refer to the total amount of heavy metals and other hazardous 
elements, while research has shown that the bioavailable forms of these elements should be of 
real importance and concern (Drozd et ah, 1999; Sims and Kline, 1991; Warman et ah, 1995). 
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Due to usually high content and potential toxicity to plants, Cu is one of the elements in 
compost that is of great concern. The Canadian guidelines for maximum trace element 
concentration in composts allow 100 mg Cu/kg in type AA and A compost and 737 mg Cu/kg 
in type B composts (CCME, 1996). The above classification is in decreasing order of quality, 
and is based on the content of organic matter, foreign matter, and trace elements. The 100 
mg/kg was estimated by the least stringent requirements between the no net degradation and 
best achievable approaches, while 757 mg/kg in type B compost “is based on the standards 
utilized by Agriculture and Agri-Food Canada under the “Trade Memorandum T-4-93" (CCME, 
1996). Although research has shown that compost application to agricultural soils does not 
always lead to the increase of its bioavailable forms, the guidelines for maximum trace elements 
in composts are based on the total amount of the element in the composts (CCME, 1996). 
Generally, three ways are accepted to estimate the potential hazards associated with metals, 
including copper, in compost: 
(1) solubility and mobility tests of heavy metals in the growth medium using one or a 
series of chemical extractants, 
(2) greenhouse or growth room studies under controlled conditions, and 
(3) field tests to directly assess the absorption of metals by crops (Warman et al., 1995). 
These authors suggested that all three approaches should be utilized for a particular compost 
containing a range of metals or other potentially hazardous elements. Applications of 
composted Municipal Solid Waste (MSW) compost to agricultural soils increase the input of 
total heavy metals but do not necessarily increase heavy metal bioavailability in soils. Copper 
is considered to bind to the soil organic matter (Sims and Kline, 1991; Wu et al., 1999). Several 
investigations have found that soil organic amendments increased NaOH extractable Cu and 
decreased nitric acid extractable Cu (Sims and Kline, 1991; Sposito et al., 1982; Payne et al., 
1988). Sims and Kline (1991) have shown that although compost applications increased the 
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total metal soil concentration, the increases were in the more unavailable Cu fractions (NaOH, 
EDTA, and HN03 fractions). The authors did not find significant correlation between total soil 
and plant concentration of Cu. Also, there were no correlations between plant Cu concentration 
and concentrations of individual fractions. The use of multiple regression, however, was able to 
model the relationship between plant Cu concentration in wheat and soil pH, and all soil 
chemical fractions of Cu. 
In field experiments, Drozd et al. (1999) found that the application of 30, 60, 120 t/ha 
MSW compost did not increase Cu and Pb content in lettuce despite their relatively high 
concentration in the applied compost (Cu 171mg/kg and Pb 530 mg/kg). According to the 
authors, this result was because Pb and Cu were in non-available forms. Six years of 
application of composted sewage sludge did not contaminate the soil (Rossi et al., 1999); the 
increase in the potentially available fractions of metals, did not result in higher metal uptake by 
com. 
Warman and Cooper (2000) compared the effects of the application of fresh and 
composted chicken manure and NPK fertilizers on mixed forage. Copper exceeded the 
maximum concentrations for Category A compost in both fresh and in composted manure, 
however, the higher input of Cu via fresh and composted manure did not always result in higher 
Mehlich-3 extractable Cu in soils relative to the NPK treatments nor did it result in higher Cu 
uptake by plants. The authors believe that the higher soil pH in compost and manured soils may 
have resulted in the formation of Cu hydroxides and/or that most of the Cu in the fresh and 
composted manure was organically bound in the soil and hence unavailable for plants. They 
cited the findings of Qiao and Ho (1997) who found around 80% of copper in a sludge compost 
to be organically bound and proposed that Cu formed hydroxides at soil pH higher than 5.6. 
Similar findings were reported by Chu and Wong (1987) who found that despite high content of 
Cu and other heavy metals, crops grown on compost-treated soils accumulated lower levels of 
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heavy metals than those grown on sludge-treated soils. This is probably because of the higher 
pH and organic matter content of the compost and most likely because of lower Cu 
mineralization. These findings clearly show that guidelines for maximum acceptable 
concentrations of heavy metals in compost should not be based on similar guidelines developed 
for sludge application. Compost application to soil may also decrease the uptake of heavy 
metals by plants. For instance, in pot and field experiments, Traulsen and Schonhard (1987) 
found that compost application to Cu polluted soils increased the yields of maize, colza, and 
beans, prevented development of Fe chlorosis, and decreased Cu concentrations in plants. 
A number of authors have also reported that compost applications did not result in a 
significant increase of plant Cu content (Cancet et al., 1997; Moreno et al., 1996; Moreno et al., 
1997; Murillo et al., 1995; Pinamonti et al., 1997; Sims, 1990; Warman et al., 1995; Warman 
and Havard, 1998). Furthermore, plant species showed different responses to Cu and other 
heavy metals (Sims and Kline, 1991; Warman, 1998; Rodd et al., 2000a,b). Some authors even 
reported a decrease in tissue Cu as a result of compost application (Roe et al., 1997). Other 
investigations, however, have reported increased levels of bioavailable Cu in soils and increased 
Cu content in plant tissue as a result of compost application (Alvarez et al., 1993; Costa et al., 
1994; Fritz and Venter, 1988; Karam et al., 1998; Murillo et al., 1989; Murillo et al., 1997; 
Ozores-Hampton et al., 1997; Petruzzelli et al., 1989; Pitchel and Anderson, 1997; Purves and 
Mackenzie, 1973; Wong and Chu, 1985; Wong et al., 1996). Compost maturity also seems to 
be a factor affecting copper and other heavy metal availability. Garcia et al. (1990) reported 
that Cu and other metals became more insoluble with an increase in compost maturity. In a 
study of the adsorption of heavy metals in composts, Chang and Chen (1995) found that as 
compost matures so the capacity of compost to absorb metal also increases. 
From the literature review it seems that Cu standards should be based on soil properties, 
pH, cation exchange, the available forms of copper and other heavy metals in the soils, and 
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crops to be grown. Soils in some provinces are deficient in certain trace elements and compost 
application may reduce Cu deficiency. Also, these standards should be based on local long term 
field experiments that reflect the specificity of all growing conditions in the area. There are 
some long term field experiments in which land application of industrial composts have been 
investigated and compared with fertilizer application. For instance, a comparative study of 
organic and conventional fertility treatments for various vegetable crops on a Pugwash sandy 
loam near Truro, N.S. has been conducted since 1990 (Warman and Havard, 1997; Warman, 
1998; Warman and Havard, 1998). 
In a review paper on bioavailability of Cu from compost amended soils Zheljazkov and 
Warman (2000) concluded that the application of various composts to agricultural soils, 
although increasing the input of total heavy metals, does not in all cases increase Cu 
bioavailabilty to plants. Research has clearly demonstrated that composting greatly reduces 
bioavailability of Cu because of retention of Cu by strong OM ligands. It was also shown, that 
compost maturity is a factor that can reduce the Cu availability to plants. It seems that there is 
no one single or sequential chemical extraction procedure for soils amended with composts and 
biosolids that can precisely estimate the bioavailability of Cu to plants. Several of the 
extractants, however, are very helpful. A number of plant species have been found to be Cu 
tolerant and/or Cu hyperaccumulators; very few agronomic crops, however, were found to be 
Cu tolerant. The literature review suggests that there should be different guidelines for trace 
elements in composts based on the crop being grown, soil and compost properties. The values 
for maximum trace elements in type A and B composts should be based on the actual 
bioavailable trace element content in the soils and on the results of long term field experiments. 
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CHAPTER 3 
EFFECT OF CADMIUM, COOPPER, AND LEAD ON METAL ACCUMULATION, 
PRODUCTIVITY, AND ESSENTIAL OIL OF BASIL, PEPPERMINT, AND SAGE 
Abstract 
Container experiment was conducted to study the effect of elevated concentrations of Cd 
(2, 6, and 10 mg/L), Cu (20, 60, and 150 mg/L), and Pb (50, 100, and 500 mg/L) on basil, 
peppermint, and sage. Plants were grown on an inert substrate (perlite) and the necessary 
nutrients provided with the Hoagland solution. Cadmium and Pb did not decrease peppermint 
yields, whereas, the application of Cu at 60 and Cu at 150 mg/L decreased plant yields relative to 
the control. Basil yields were reduced by application of Cd at 6 and 10 mg/L, Pb at 500 mg/L, 
and Cu at 20, 60, and 150 mg/L. Sage yields were reduced by the application of Cd at 6 and 10 
mg/L, Pb at 50, 100, and 500 mg/L, and Cu at 60 and 150 mg/L. All three plants developed 
phytotoxicity symptoms with the 150 mg/L Cu treatment. Of the three species tested, basil was 
the most sensitive to elevated concentrations of Cd, Pb, and Cu in the substrate, while peppermint 
was the most tolerant. Within the conditions of the experiment, of the three metals tested, Cu had 
the highest suppressing effect on plants, while Cd was the best tolerated by the plants. 
Synergistic effects of Cu on Cd uptake, and of Cd on Cu uptake, as well as evidence for Zn 
interaction with Cu and Pb were observed. Cadmium, in the high Cd treatments, Pb, and Cu 
accumulated mainly in the roots of the three plant species. Lead accumulation in the aboveground 
plant parts of the three species was below 5% relative to Pb content of the roots. Cadmium 
transfer from roots to shoots was impaired at high Cd concentration in the substrate. Treatments 
induced alterations in the essential oil constituents of peppermint, basil, and sage. Elevated 
concentrations of Cd, Pb, and Cu in the substrate reduced the content of menthol in the 
peppermint oil. The application of Cu at 150 mg/L reduced oil content in peppermint and basil, 
but not in sage, while other treatments did not change oil content. Cadmium, Cu, and Pb 
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concentrations in the essential oils from the three grown under various treatments were below 
0.06, 0.25 and 0.63 mg/L respectively. In conclusion, the three plant species could be used as 
cash crops, or for phytoremediation of metal-polluted sites, without risk of contamination of the 
end product, the essential oils. 
Introduction 
One of the major environmental problems, developing for centuries but getting more 
attention in the last two decades, is toxic metal contamination of agricultural soils. According to 
Jorgensen (1991), on a global scale, heavy metals produce the greatest environmental stress on 
plants, some three times higher than pesticides, and the negative impact of toxic metals on the 
environment will gradually increase during the next 30 to 40 years. During the last 20 to 30 
years, societal awareness and concern about the environment have developed, increasing the 
demand for environmental cleanup technologies. Currently, the clean up of hazardous wastes by 
conventional technologies in the United States is projected to cost at least $400 billion (Salt et al., 
1995). Of this, the cleanup of sites, contaminated with heavy metals is estimated at $7 billion and 
the cleanup of sites with mixtures of heavy metals and organics at $35.4 billion (Salt et al., 1995). 
Soil remediation using currently available technology is too expensive and practically unfeasible. 
For instance, conventional remediation techniques are projected to cost between $50 and $500 
per ton of soil, making the cost of remediation of one acre of soil up to $250,000 (Cunningham et 
al., 1995; Cunningham and Ow, 1996). As an alternative to the limits and costs of current 
procedures, a new approach has been proposed, namely phytoremediation, where plants are used 
to decontaminate soils containing organic or inorganic wastes (Baker, 1981; Berti et al., 1994; 
Brown, 1995; Brown et al., 1994; Brown et al., 1995; Chaney, 1995; Comis, 1995; Cunningham 
and Ow, 1996; Kumar et al., 1994; Raskin et al., 1994; Salt et al., 1995). Of various 
phytoremediation techniques, phytoextraction (where metals are physically absorbed from the 
soil by plants and the contaminated plant material collected) seems to be the most promising. 
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Such metal-contaminated plant tissue could be easily and safely disposed of or used as a source 
for recycling the metals (Brown et al., 1995; Chaney, 1995). 
Research conducted to identify highly metal-tolerant plants to be used in cleansing 
polluted soils has identified some wild species that absorb metals in elevated concentrations 
(Baker, 1981; Baker et al., 1991; Brown et al., 1994; Brown et al., 1995; Chaney, 1995; Kumar et 
al., 1994; Kumar et al., 1995). Most of these species are unsuitable for use as phytoextractors in 
agricultural soils contaminated with heavy metals however, as their wild nature makes cultivation 
difficult. In addition, the relatively small size and slow growth rate of the plants reduce the 
vegetative development essential for metal accumulation. For instance, Thlaspi caerulescens 
which is regarded as a hyperaccumulator, would need to grow on a mildly contaminated site for 
13 to 14 years before removing enough of the heavy metals to make the soil suitable for 
cultivation of food and feed crops (Baker et al., 1994). In addition, production of a wild species 
generates no revenue, making the growth of such plants uneconomical and thus unattractive to 
farmers. 
The ideal plant for phytoextraction should be able to tolerate and accumulate high levels 
of heavy metals in a relatively rapidly growing harvestable part; I should have the potential for 
high yields of biomass and produce a return on investment in production of the plant material 
(Salt et al., 1995). For this reason, our idea was to improve phytoremediation process by using 
aromatic, essential oil-producing plants. Many such plants have been cultivated for thousands of 
years, and the essential oils are high value, low volume commodities. Some aromatic species 
such as Salvia sclarea, Silybum marianum, Artemisia maritime, Inula helenium, and Hypericum 
perforatum grow rapidly, develop a large quantity of aboveground herbage, and appear to 
accumulate large amounts of some metals (Schneider and Marquard, 1996; Zheljazkov and 
Nielsen, 1996a,b,c; Zheljazkov and Fair, 1996; Zheljazkov and Nikolov, 1996). The potential of 
aromatic plants in phytoextraction is ideal since these species are grown primarily for secondary 
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products, namely essential oils or other biologically active substances, and not the vegetation per 
se. Research has demonstrated that in the process of extraction and distillation of oils, most of 
the heavy metals do not pass into the final, commercial product (Scora and Chang, 1997; 
Zheljazkov and Nielsen, 1996a,b,c; Zheljazkov et al., 1999). In other words, the product to be 
sold is either free of metals or contains insignificant amounts of metals. A significant amount of 
the heavy metals remains in the foliar wastes, which can be easily and safely disposed of or 
recycled. 
Heavy metals and aromatic and medicinal plants 
There is very little information in the literature on the effect of heavy metals on aromatic 
and medicinal plants and/or on oil synthesis and quality. Scora and Chang (1997) grew 
peppermint on sewage sludge-treated soil that had metal concentrations 30 to 60 times higher 
than the respective metal content of the control soil. In that study, yields were not decreased by 
the presence of high concentrations of Cd, Cr, Cu, Ni, Pb, and Zn in the substrate. Gas 
Chromatographic analysis of the oil did not reveal any differences between oils from various 
treatments, that is the essential oil constituents were not influenced by higher metal 
concentrations in the substrate. Tissue Cu and Zn in the highest sewage sludge treatment in the 
experiment of Scora and Chang (1997) reached 44 and 87 mg/kg. Interestingly, Zheljazkov and 
Nielsen (1996a), in a field experiment with peppermint grown in highly polluted soils reported 
very similar values for peppermint tissue Cu and Zn. Both Scora and Chang (1997) and 
Zheljazkov and Nielsen (1996a) reported that the concentration of metals in the peppermint oils 
from various treatments were not different relative to the control. For example, Pb and Zn 
contents in the peppermint reported by Scora and Chang (1997) were higher, whereas Zheljazkov 
and Nielsen (1996a) found that Cu in the oil was higher than the Cu content reported by Scora 
and Chang (1997). Those results demonstrated that the essential oil of peppermint grown in 
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medium polluted with heavy metals was not contaminated, so a peppermint crop might have 
potential for phytoremediation of heavy metal contaminated sites. 
A few studies indicated that other species or cultivars of aromatic plants can be 
successfully grown in heavy metal-contaminated soils with only limited reductions in plant 
growth (Zheljazkov, 1995; Zheljazkov and Warman, 2000 a; Zheljazkov and Wilcox, 1995; 
Zheljazkov and Nielsen, 1996 a, b, c; Zheljazkov and Fair, 1996; Zheljazkov and Nikolov, 1996). 
Misra (1996) evaluated the manganese toxicity and tolerance of Japanese mint (Mentha arvensis). 
He suggested that Mn oxidation in mint may play a significant role in Mn tolerance of Japanese 
mint; that is, the plant retains most of the excessive amount of Mn in roots, and little is 
transported up to the shoots. Misra (1996) found that essential oil quality differed depending on 
the Mn tolerance of the cultivars. Interestingly, in both cultivars (hybrids), the menthol content 
of the oil increased as the Mn concentration in the solution increased from 0.0 to 4 and 10 mg/L 
and decreased at the higher Mn concentrations of 40 and 100 mg/L. However, the menthone 
content of the oil did not show a clear trend to increase or decrease as a function of increased Mn 
concentration in the substrate, although fluctuated in different treatments. 
In another study, Misra and Sharma (1991a,b) found that higher concentrations of zinc 
and iron in the growth medium increased the essential oil yield and the menthol content in M. 
arvensis. Most probably Japanese mint has higher nutritional requirements for these metals, and 
if they were at insufficient concentration, any increase would enhance plant productivity and/or 
oil synthesis. One of the problems in interpreting results from such experiments is the general 
lack of sufficient research and information on deficiency, optimal, and toxicity levels of toxic 
metals in aromatic plants. This may be due to the fact that the group of aromatic and medicinal 
plants is vast, including hundreds of species, varieties, and ecotypes, while on the other hand 
these species are not regarded as major crops, so funding and research worldwide have been 
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limited. Experiments with other oil-bearing plants have also indicated that metals, although taken 
up by plants, are not accumulated in the vegetable oil, (Roscamp, 1984). 
Cadmium, Pb, and Cu are major elements of environmental concern from the heavy metal 
group, and worldwide they contribute to the pollution of vast areas and agricultural soils. To 
date, there is very little information in the literature on how elevated concentrations of Cd, Cu, 
and Pb alone would affect crop performance and essential oil content and constituents of the 
aromatic plants peppermint, basil, and sage. Our objectives were twofold: (1) to evaluate the 
effect of increasing levels of Cd, Pb, and Cu on growth, plant productivity, and essential oil 
quantity and quality of peppermint, basil, and sage; and (2) to establish the effect of Cd, Pb, and 
Cu in the growth medium on the uptake and accumulation of Cd, Pb, Cu, Mn, Zn, Ca, and P in 
plant parts and metal transfer into the essential oils, which are the final marketable products. 
Materials and methods 
Plant material and growth conditions 
The experiments were conducted in the greenhouses of the Department of Plant and Soil 
Sciences, University of Massachusetts, Amherst, MA. On the basis of preliminary studies, three 
aromatic plant species were used in this investigation: Mentha piperita L. (peppermint), Ocimum 
basilicum L. (basil), and Salvia officinalis L. (sage), all of them commercially grown and 
important in Europe and the United States. Peppermint (cv. Mitcham) was kindly provided by 
Dr. James Simon, Purdue University, and the basil and sage seeds were purchased from Johnny’s 
Selected Seeds, Albion, ME. 
Plants were grown in perlite, in 6-inch pots, with three plants per container. Perlite has 
been widely used as an inert substrate in studying soil-plant relationships in terms of essential and 
trace elements (Azpiazu et al., 1986; Azpiazu, 1989; Barcelo et al., 1988; Hernandez et al., 1995; 
Iorio et ah, 1996; Langille and Batteese, 1974a,b; Lieten and Roeber, 1997; Oncel et ah, 2000). 
Basil and sage were produced from seeds directly in the pots; in the case of peppermint rhizome 
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cuttings were used, to provide equally developed plants in each container. Pots were distributed 
randomly and, in addition, were rotated every week. The necessary macro and micronutrients 
were provided with Hoagland solution, two times per week. 
Basil and peppermint was harvested at 50% flowering, a stage when the quality and 
quantity of the essential oils is the highest. Sage did not initiate flowers (plants did not enter the 
reproductive stage); however, they showed a good vegetative growth and produced a number of 
well-developed shoots. Sage was harvested at the same time the basil was harvested. The 
essential oil was extracted via distillation by using a J&W Scientific simultaneous steam 
distillation-extraction apparatus and following the manufacturer’s procedure. Heavy metal 
concentrations were selected such that the lowest concentration was the lowest total critical soil 
concentration, that could cause phytotoxicity and/or 10% yield reduction (Kabata-Pendias and 
Pendias, 1991). The next concentration was chosen to match the highest level of the critical 
concentration range, at which most of the tested plant species showed yield reduction and/or 
phytotoxicity symptoms (Kabata-Pendias and Pendias, 1991). The third concentration was 1.5 to 
5 times above the upper level of the critical concentration for the respective metal. The following 
metal concentrations were individually applied to the substrate using salts of the respective 
metals: Cd at 2, 6, and 10 mg/L; Pb at 50, 100, and 500 mg/L; and Cu at 20, 60, and 150 mg/L, 
and a control (without metal addition). These solutions were applied to the substrate once a 
week, 100 mL per container. The following indices were taken: plant height, fresh and dry 
weight, essential oil quantity (by steam distillation), and essential oil quality (by GC analysis). In 
addition, accumulation of Cd, Pb, Cu, Ca, Mn, Zn, and P in the substrate, plant parts, water and 
wastes from distillation, and in the essential oils were also measured. 
The GC system was a Varian 6500 apparatus fitted with a J&W Scientific DB-5 column 
(30 m x 0.53 pm, film thickness 0.5 pm), and a flame ionization detector, nitrogen as the carrier 
gas, and a flow rate of 12 mL/minute. The injection sample was 1 pL. The column oven 
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temperature was programmed as follows: 15 min at 50° C, increase at 2 °C/min to 60 °C, increase 
at 10 °C/min to 180 °C, and 2 min at 180 °C. Preparation of tissues, substrate, and oil samples for 
heavy metal analysis was as described by Zheljazkov and Nielsen (1996a). Briefly, tissue and 
perlite samples were digested in concentrated HN03, while oils were dry-ashed. Concentrations 
of heavy metals and some other elements (Cd, Pb, Cu, Mn, Zn, Ca, and P) in substrate, in plant 
tissues (roots, stems, leaves), and in the essential oils, water, and wastes from distillation were 
measured using Inductively Coupled Plasma Spectrometer. 
Results 
Increased concentrations of Cd and Pb in the substrate did not decrease peppermint yields 
relative to the control (Table 3.1). The application of Cu at 60 mg/L decreased plant yields by 
31% relative to the control, while application of Cu at 150 mg/L resulted in 64% lower yields 
compared to the control and in phytotoxicity symptoms (yellow leaves, stunted growth, and 
underdeveloped root systems). Basil yields were reduced by application of Cd at 6 and 10 mg/L, 
Table 3.1. Effect of Cd, Pb, and Cu on plant dry weight (g/pot) and height (cm). 
Species Index 
Treatments (mg/L in the applied solution) 
Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Mint Weight 130a1 147a 138a 114ab 135a 122ab 91b 124a 86b 44c 
Basil Weight 113a 111a 80b 48c 105a 102ab 20d 77b 34cd 5e 
Height 70a 73a 56ab 46b 68a 69a 33bc 46b 36b 24c 
Sage Weight 146a 126ab 109b 104b 110b 128ab 98b 151a 138ab 49c 
Height 16ab 14ab 15ab 15ab 20a 18a 16ab 18a 19a lib 
‘Means with the same letter are not significantly different at 0.05. 
Pb at 500 mg/L, and Cu at 20, 60, and 150 mg/L (Table 3.1). Copper application at 60 and 150 
mg/L and Pb at 500 mg/L resulted in phytotoxicity symptoms and severe suppression of plant 
growth. Plants in the 150 mg/L Cu treatment reached only 5% of the weight of the control plants. 
Sage yields were reduced by the application of Cd at 6 and 10 mg/L, Pb at 50, 100, and 500 mg/L 
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and Cu at 60 and 150 mg/L (Table 3.1). Plants developed phytotoxicity symptoms in the 150 
mg/L Cu treatment. Generally, with the suppression of plant productivity there was a reduction 
of plant height as well, although not as significant as the observed reduction of plant yields. 
Cadmium 
Cadmium in the substrate from Cd treatments reached relatively high values at the 
harvest, while in non-Cd treatments, the substrate Cd was lower than normal background Cd 
concentration in the soil (Table 3.2). Increased Cd content in the substrate resulted in extremely 
high Cd 
Table 3.2. Effect of Cd, Pb, and Cu on Cd accumulation in growth medium and plant parts 
(mg/kg). 
Species 
Metals 
accumu 
lated in 
Treatments (mg/L in the applied solution) 
Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Pepper gr. medium0.9d 5.1c 12.0b 15.6a 1.2d l.ld 1.2d 1.2d 1.3d l.ld 
mint roots 0.9d 45.0c 199.0b 537.0a 0.2d 0.6d 0.8d 1.6d 3.9d 7.Id 
stems u.d 1.1b 3.4a 4.2a 0.3d O.ld 0.2d 0.5bc 0.5bc 0.4bc 
leaves u.d 4.2c 16.0b 21.9a 0.2d 0.2d 0.3d O.ld 0.3d u.d 
wastes u.d 6.3c 18.8b 24.7a O.ld 0.5d O.ld O.ld 0.2d O.ld 
water u.d u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. 
Basil gr. medium 1.0c 5.6b 12.7a 15.3a 1.3c 0.9c 1.2c 1.2c 1.3c 1.0c 
roots 0.4e 277.0c 868.0b 1620.0a 1.9e 0.2e 2.3e 1.6e 6.5d 16.2d 
stems 0.9d 21.4c 129.0b 201.0a l.ld 0.5d 0.4d 0.5d 0.7d 0.6d 
leaves 0.3c 13.6b 20.5b 42.0a 1.3 0.8 0.5 0.2 0.3 0.3 
wastes 0.8c 7.4b 31.3a 37.9a 0.5c 0.8c 0.5c 0.8c 0.5c 0.5c 
water u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. 
Sage gr. medium 1.1c 5.6b 12.1a 14.1a 1.4c 0.9c 0.4c 0.2c 1.3c 1.2c 
roots 0.7d 134.0c 238.0b 537.0a 0.7d 1.3d 0.6d 2.7d 1.3d 2.5d 
stems 0.7d 5.0c 18.5b 46.5a 0.9d 0.5d 0.4d 0.7d 0.9d 0.9d 
leaves 0.7d 6.0c 22.8b 40.2a 0.9d 1.3d 0.7d 0.7d l.ld 0.9d 
wastes 0.4d 5.2c 12.3b 31.2a 0.7d 0.5d 0.4d 0.9d l.ld 0.9d 
water u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. 
*Values with the same letter within a species and plant part are not significantly different at p 0.05. 
accumulation in the plant roots, up to 1620 mg/kg in basil roots from the 10 mg/L Cd treatment 
(Table 3.2). The highest Cd concentration in peppermint and sage roots was approximately 540 
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mg/kg. Cadmium transfer from the roots to shoots seemed to be inefficient at very high Cd 
concentrations in the substrate. Thus, although Cd accumulation in the roots was extremely high, 
relatively small amounts were transferred to the leaves. At high Cd treatments leaf Cd content 
varied between 1.5 and 7.5% relative to root Cd content, whereas in the control, leaf Cd was 50 to 
100% of the root Cd content. For peppermint, more Cd was accumulated in the leaves and less in 
the stems; for the other two plant species, Cd contents of leaves and stems were very similar. 
Cadmium in the wastes from distillation corresponded to the Cd content in the aboveground 
plants parts, and Cd in the water from distillation was below 0.06 mg/L. At elevated 
concentrations in the substrate, Cu induced higher Cd accumulation in peppermint and basil roots 
(Table 3.2). 
Table 3.3. Effect of Cd, Pb, and Cu on Pb accumulation in growth medium and plant parts 
(mg/kg). 
Metals Treatments (mg/L in the applied solution) 
Species accumu _ 
lated in Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Pepper gr. media 18.2d 24.6d 19.Id 20. Id 124.0c 158.0b 810.0a 22.5d 25.9d 23.Id 
mint roots 13.4d 8.5d 5.9d 6.2d 224.7c 1369.0b 8465.0a 6.3d 8.7d 14.2d 
stems 8.8c 7.1c 13.0c 6.1c 28.5b 29.0b 81.3a 1.8c 19.4c 13.6c 
leaves 7.2d 5.9d 3.2d 7.4d 108.0c 147.0b 278.0a 9.3d 4.5d 8.4d 
wastes 20.3d 21.9d 7.7e 9.6e 120.5c 177.0b 447.8a 8.3e 10.8e 9.4e 
water 0.2a 0.2a 0.3a 0.5a 0.4a 0.7a 0.6a 0.4a 0.5a 0.2a 
Basil gr. media21.6d 19.8d 22.2d 23.4d 113.0c 176.0b 904.0a 17.2d 23.4d 20.9d 
roots 38.4d 21.7 43.1 22.4 3068.0c 5515.0b31558.0a 76.9 100.8 105.0 
stems 18.1c 24.2c 11.3c 25.9c 59.0b 88.7b 248.0a 16.6c 22.0c 26.7c 
leaves 19.1c 16.8c 17.4c 23.5c 65.3b 86.0b 123.2a 20.7c 24.0c 23.5c 
wastes 23.6c 22.5c 21.2c 22.9c 105.7b 85.1b 140.1a 20.8c 19.9c 26.0c 
water 0.5a 0.6a 0.6a 0.4a 0.5a 0.5a 0.5a 0.5a 0.4a 0.4a 
Sage gr. media23.8d 21.4d 19.5d 17.0d 129.0c 195.2b 843.0a 18.9d 22.4d 23.7d 
roots 26.7d 16.9d 27.6d 25.6d 270.6c 997.0b 2902.0a 24.5d 25.7d 25.Id 
stems 28.0c 22.0c 24.3c 25.5c 58.3b 81.0ab 95.0a 23.3c 24.1c 19.2c 
leaves 22.6c 33.1c 27.5c 20.8 61.5b 75.0a 109.4a 29.5c 16.8c 8.Id 
wastes 20.1c 25.4c 24.2c 21.9c 86.4b 143.3a 136.3a 20.1c 18.4c 21.1c 
water 0.4a 0.4a 0.5a 0.5a 0.5a 0.4a 0.4a 0.4a 0.4a 0.5a 
*Values with the same letter within a species and plant part are not significantly different at p 0.05. 
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Lead 
Increased concentrations of Pb in the substrate resulted in significant Pb accumulation in 
the roots of the three species, reaching values of around 30,000 mg/kg in basil roots in the highest 
Pb treatment (Table 3.3). Peppermint roots accumulated less Pb than the other two crops, 
indicating species specific responses to elevated concentrations of Pb ions in the soil solution. 
Lead content in the plant shoots was very low compared to the Pb content in the roots, supporting 
the hypothesis for a limited transfer of Pb to the shoots. Lead content of the plant wastes from 
distillation was very similar to Pb content of aboveground plant parts (Table 3.3). Lead in water 
from distillation was very low, between 0.2 and 0.7 mg/L, showing no increase except in 
peppermint, where the Pb concentration increased from 0.2 in the control to 0.6 and 0.7 mg/L in 
the high Pb treatments. In the non-Pb treatments, Cu seems to increase Pb accumulation in basil 
roots but not in shoots (Table 3.3). Tissue Pb of peppermint and sage were not affected by the 
increased concentrations of Cd in the substrate (Table 3.3). 
Copper 
With increased Cu concentration in the substrate, Cu accumulation in the roots of the 
three plants increased dramatically (Table 3.4). However, there were differences in Cu 
concentration of the roots among the selected plant species; most Cu was accumulated in basil 
roots, less in peppermint roots, and less in sage roots. Increased Cu concentration in the substrate 
also resulted in small but significant Cu accumulation in the aboveground plant parts. Again, 
there were differences between the species with respect to Cu transport from roots to shoots; more 
Cu was found in the basil shoots, less Cu was found in the sage shoots, and the least amount of 
Cu was found in the peppermint shoots. The Cu concentration in the wastes from distillation of 
the three plants was similar to the Cu concentration in plant shoots of the respective plants. 
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Table 3.4. Effect of Cd, Pb, and Cu on Cu accumulation in growth medium and plant parts 
(mg/kg). 
Species 
Metals 
accumu 
Treatments (mg/L in the applied solution) 
lated in Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Pepper gr. media 8.0d 7.5d 8.6d 9.4d 8.4d 6.8d 10.5d 35.4c 115.6b 211.0a 
mint roots 30.3d 14.8d 13.Id 13.Id 14.8d 12.3d 25.8d 655.0c 1242.0b 5047.0a 
stems 15.1c 14.9c 13.1c 12.7c 20.2c 12.0c 6.6c 22.3b 37.2a 36.5a 
leaves 9.0c 11.9c 8.1c 24.1b 13.2c 12.8c 24.8b 21.9b 25.6ab 31.8a 
wastes 11.0c 31.2bc 13.0c 13.9c 17.0c 22.4bc 29.3bc 36.8b 47.1a 55.3a 
water 0.2a 0.2a 0.2a 0.6a 0.2a 1.0a 0.3a 0.8a 0.6a 0.6a 
Basil gr. media 7.2d 6.2d 14.6d 9.3d 0.4e 8.4d 11.Id 40.4c 123.8b 201.5a 
roots 29.4e 65.9d 49.3de 33.7de 26.2de 21.2e 72.0d 931.0c 3508.0b 11479.0a 
stems 34.6c 53.7bc 53.0bc 29.8c 24.6c 24.6c 52.1bc 33.9c 62.0b 84.7a 
leaves 15.1c 18.1c 16.9c 22.1c 23.7c 12.1c 33.0b 25.8b 42.3ab 63.4a 
wastes 19.5c 31.9bc 23.1c 31.2bc 17.9c 11.2c 13.5c 48.7b 48.7ab 58.2a 
water 0.4a 0.6a 0.5a 0.4a 0.4a 0.4a 0.4a 0.7a 0.9a 1.0a 
Sage gr. media 6.9d 6.2d 14.6d 9.3d 5.4d 8.4d 11.Id 40.4c 123.8b 186.5a 
roots 28.4d 14.7de 51.3d 32.3d 12.9de 9.1e 29.4d 393.0c 512.0b 765.0a 
stems - - - - - - - - - - 
leaves 43.6bc49.6bc 31.0c 34.0c 40.9c 30.2c 46.9bc 55.9b 53.4b 65.8a 
wastes 27.7b 34.1b 37.1b 24.6b 32.3b 39.2b 50.9ab 56.2a 62.0a 65.2a 
water 0.4 0.5 0.6 1.1 0.2 0.1 0.5 0.5 0.5 0.8 
♦Values with the same letter within a species and plant part are not significantly different at p 0.05. 
Still, more Cu was found in the water from distillation of plants from the high Cu 
treatments. The peppermint and sage tissue Cu level in the plants from the Cd and Pb treatments 
was within normal values and was not different from the respective control plants. However, 
tissue Cu in basil roots and stems from the 2 and 6 mg/L Cd treatments was higher than tissue Cu 
of the control plants, indicating a possible synergistic interaction of Cd and Cu at certain 
concentrations (Table 3.4). The Cu concentration in the water from distillation of the three 
species was higher in the Cu treatments compared to the control and other treatments, indicating 
some leaching of Cu into water during the process of distillation. 
Manganese 
Manganese accumulation in the roots and in the above ground plant parts of the three 
species was in order basil > peppermint = sage (Figure 3.1). More Mn was found in the above 
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Figure 3.1. Effect of Cd, Pb, and Cu on Mn accumulation in plants. 
•Values with the same letter within a species are not significantly different at p = 0.05. 
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ground plant parts and less in the roots of all three plants. The Mn concentration of the wastes 
was similar to the tissue Mn of above ground plant parts. Manganese in the water ranged from 
0.7 to 1.9 mg/L and was positively correlated to tissue Mn, indicating some Mn leaching from 
the plants during distillation. The increased concentration of Cd, Pb, and Cu in the substrate did 
not alter tissue Mn of basil (Figure 3.1). However, Mn concentration in sage leaves from the 
150 mg/L Cu treatment was lower compared to leaf Mn of the other treatments (Figure 3.1). 
Lower Mn was found in the leaves of peppermint in the control and in the 150 mg/L Cu 
treatments, and higher Mn was found in all other treatments (Figure 3.1). 
Zinc 
Zinc concentrations in the substrate for a given species were the same in all treatments (Figure 
3.2). Zinc was measured in order to reveal any interactions between Zn accumulation and Cd, 
Pb, and Cu concentrations in the substrate. Zinc accumulation in the roots of sage was not 
influenced by the content of Cd, Pb, and Cu in the substrate. However, peppermint and basil 
roots accumulated more Zn at the highest Cu treatment. Elevated concentrations of Pb in the 
substrate also stimulated accumulation of Zn in basil roots. The accumulation of Zn in leaves of 
the three plant species was not affected by the treatments. However, the Zn concentration in the 
stems of peppermint was higher in the 2, 6, and 10 mg/L Cd and in the 50 mg/L Pb treatments 
compared to the Zn content in peppermint stems from other treatments and the control. Overall, 
Zn content in the wastes from distillation corresponded closely to Zn content in the 
aboveground plant parts. A small amount of Zn was leached in the water during the distillation 
process. Generally, the Zn content in the water varied between 0.1 and 0.5 mg/L and 
corresponded to Zn content in the aboveground plant parts and in the wastes from distillation. 
Calcium 
Calcium in the substrate from all treatments was similar (Figure 3.3). Overall, more Ca 
was accumulated in basil and sage and less in peppermint. Increased concentrations of metals 
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Figure 3.2. Cd, Pb, and Cu effects on Zn accumulation in plants. 
♦Values with the same letter within a plant part of a species are not significantly different at p = 0.05. 
46 
mg/kg Peppermint 
0 substrate 
! 
B roots 
0 stems 
□ leaves 
0 wastes 
ffl water 
$ 
3.13AN 
<$> 
<r <r 
.0> 
a 
■V ■v 
25000 
20000 
15000 
10000 
5000 
0 
3.3BC 
Basil 
1 
i 9b 
* - 
:■ 
v 
* 
* - 
' 
- "■ 
v 
v 
: 
V 
* 
* 
* 
* 
* 
* 
* 
* 
t 
u' M 
* 
* 
aM 
a, a$a 
- a 
a a 
:■ 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
! 
* 
* 
0 substrate 
B roots 
0 stems 
□ leaves 
0 wastes 
ffl water 
/ 
<$> 
•<y 
& £ 
o'O <r 
& 
■<> 
mg/kg 
25000 
20000 4 
15000 
10000 
5000 
0 
Sage 
a; 
* 
* 
* 
t 
* 
* 
* 
t 
'<■ * 
* 
* 
t 
* 
* 
* 
* 
* 
l* 
* 
* 
t 
t 
* - 
* 
* 
* 
t 
* w 
* 
* 
* 
* 
* 
* 
0 substrate 
B roots 
0 stems 
□ leaves 
0 wastes 
ffl water 
3.3C 
# & o 53° a^ 
Figure 3.3. Cd, Pb, and Cu effects on Ca accumulation in plants. 
*Values with the same letter within a plant part of a species are not significantly different at p = 0.05. 
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in the substrate resulted in increased Ca accumulation in basil roots. Elevated concentrations of 
Cd and Pb in the substrate tended to increase Ca accumulation in peppermint leaves (Figure 
3.3), but not in basil or in sage leaves (Figure 3.3). Calcium in the sage leaves from 150 mg/L 
Cu treatment was lower than in the sage leaves from other treatments. The leaching of Ca into 
the water over the distillation process was negligible and ranged from 87 to 580 mg/L. The Ca 
concentration in the water from distillation of the three plant species was in the order sage > 
peppermint > basil, with significant differences between the species. 
Phosphorus 
Phosphorus in the substrate from different treatments was similar (Figure 3.4). Plant 
species accumulated unequal amounts of P in the leaves; more P was measured in basil leaves 
compared to peppermint and sage leaves. Phosphorus in the roots of the three plants from 
different treatments varied although not significantly. Various treatments resulted in higher 
variability of P in the leaves and stems than in roots; however, the accumulation of P in the 
leaves of the three species was not equally influenced by the treatments. For peppermint, 
elevated Cd concentrations in the substrate resulted in higher P accumulation in the leaves, 
while elevated Pb in the medium reduced the P content of the leaves. For basil, both Pb and Cd 
at elevated concentrations reduced P accumulation in the leaves. Elevated Pb in the substrate 
did not affect the P content of sage leaves. Phosphorus content in the wastes from distillation 
was similar to P content of the leaves and stems from the same treatment. Phosphorus in the 
water varied between 20 and 70 mg/L. 
There was no clear trend in how specific metals alter minor constituents of peppermint 
oil (Table 3.5). Significant variation was detected in menthol content; elevated concentrations 
of Cd, Pb, and Cu decreased the menthol content in the peppermint oil relative to the control. 
Essential oil constituents of sage and dill also varied widely as a result of the treatments, but 
without a clear trend (Appendix A). The essential oil content of the three plants also showed 
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Table 3.5. Chemical composition (%) of peppermint oil depending on the applied concentration 
of Cd, Pb, and Cu. 
Treatment (mg/L in the applied solution) 
Essential oil 
constituents Control Cd2 Cd6 CdlO Pb50 PblOO Pb500 Cu20 Cu60 Cul50 
a-Pinene 0.46 
Limonene 1.56 
1,8-Cineole 4.83 
Menthone 16.3 
Menthofuran _ 
Menthyl acetate 2.83 
Neomenthol 4.32 
(3-Caryophyllene 0.56 
Menthol 44.1 
Pulegone 0.22 
0.72 0.68 0.46 
1.34 1.26 1.08 
4.96 4.35 4.31 
19.2 17.3 16.6 
_ 1.52 _ 
3.74 2.98 2.63 
5.67 3.98 4.87 
0.71 0.67 0.59 
37.1 38.2 36.8 
0.33 0.28 0.37 
0.55 0.64 0.48 
1.43 1.22 1.65 
3.80 4.74 2.86 
18.8 19.0 16.8 
1.13 0.96 _ 
4.11 2.88 3.54 
6.82 5.54 2.60 
0.48 0.82 0.74 
38.9 40.6 42.9 
0.31 0.20 0.28 
0.75 0.61 0.43 
2.08 1.54 2.16 
3.45 4.12 4.68 
17.3 17.9 16.8 
_ 1.18 _ 
3.87 2.08 2.85 
6.10 5.04 2.98 
0.72 0.61 0.80 
38.5 36.6 35.2 
0.25 0.29 0.35 
some variation (Table 3.6). For peppermint and basil, only the highest Cu concentration (150 
mg/L) decreased the oil content relative to the control. However, the applied treatments did not 
Table 3.6. Essential oil content (% in dry leaves) in the three plants depending on the 
treatments. 
Treatments (mg/L in the applied solution) 
Species 
150 
Control Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 
Peppermint 2.5a 2.3a 2.4a 2. lab 2.6a 2.3a 2.1a 2.7a 2. lab 1.8b 
Basil 1.6a 1.6a 1.6a 1.4a 1.3a 1.2a 1.2a 1.4a l.lab 0.9b 
Sage 2.1a 2.2a 2.6a 2.0a 2.3a 2.3a 2.1a 2.2a 2.2a 2.0a 
*Values with the same letter within a species are not significantly different at p 0.05. 
change the oil content in dry sage. Concentrations of Cd, Pb, and Cu in the essential oils from 
peppermint, sage, and basil, from all treatments, were below 0.06, 0.63 and 0.25 respectively. 
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Discussion 
Of the three species tested, basil was the most sensitive to Cd, Pb, and Cu in the 
substrate, while peppermint was the most tolerant to elevated concentrations of the metals in the 
substrate. Of the three metals tested, Cu had the highest suppressing effect on peppermint, 
basil, and sage, while low concentrations of Cd in the solution seemed to be the most tolerable 
by the plants. Of course, those observations are confined only to the tested in experimental 
concentrations of Cd, Pb, and Cu. The three plant species reacted unequally to elevated Cd, Pb, 
and Cu in the substrate. Also, the rate of transport of Cd, Pb, and Cu from roots to shoots was 
species specific. 
Cadmium is known to be easily transported from roots to plant tops (Kabata-Pendias 
and Pendias, 1991). In our experiment, however Cd treatments showed that Cd accumulated 
mainly in the roots of the three plant species, and more Cd was accumulated in basil roots than 
in the roots of peppermint and sage. Increased accumulation of Cd in the roots and suppression 
of Cd translocation into the tops as a result of increasing Cd ions in solution was reported by 
Cunningham et al. (1975). Cadmium accumulation in the roots of the three plant species was 
very different indicating unequal response and Cd uptake control mechanism among basil, 
peppermint, and sage. Cadmium in the peppermint and basil roots increased in the high Cu 
treatments (Table 3.2), indicating a possible synergistic effect of Cu on Cd uptake, although 
most reports indicated an antagonistic relationship between the two elements (Kabata-Pendias 
and Pendias, 1991). No such effect was observed in sage, suggesting that the relationship 
depends on the plant species as well. Lead is known to accumulate mainly in the roots. Lead 
accumulation in the above ground plant parts was below 5% relative to the Pb content of the 
roots, confirming the reports for low Pb translocation from roots to tops (Kabata-Pendias and 
Pendias, 1991; Zimdahl and Koeppe, 1977). 
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Copper is also known to be accumulated mainly in plant roots, and copper transport 
from roots to shoots is relatively low (Lieten and Roeber, 1997; Zheljazkov and Warman, 
2000b). However, Planquart et al. (1999), reported that leaf Cu equaled or exceeded root Cu 
content in colza (rapeseed). Copper accumulation in the roots of the three species was in the 
order basil » peppermint» sage, whereas Cu accumulation in the aboveground plant parts 
was in the order basil > sage > peppermint (Table 3.4). Thus, there were differences between 
the three species with respect to (1) Cu accumulation in the roots, (2) Cu accumulation in the 
aboveground parts, and (3) Cu transport from roots to shoots. Most of the Cu in the 
aboveground plant parts remained in the plant wastes and very small amounts of Cu leached 
into the water during the distillation and extraction of the oil. 
More Mn was found in the aboveground plant parts and less in the roots of all three 
plants, which confirms the general view for high Mn mobility in plants and preferential 
accumulation in young expanding tissues. The results suggest that Cd, Pb, and 20 and 60 mg/L 
Cu slightly stimulated the accumulation of Mn in peppermint leaves. Hernandez et al. (1995) in 
experiments with peas grown in hydroponic culture, using perlite as the substrate, found that the 
Mn content decreased in roots and nodules and increased in shoots in the presence of Cd. 
Interactions of Mn with Cd and Pb have been reported in the literature (Kabata-Pendias and 
Pendias, 1991). In the present experiment, there was evidence for Zn interaction with Cu and 
Pb, which also seemed to be species specific. Pb - Zn and Cd - Zn interactions, as well as 
antagonistic interactions of Zn with Cu have been frequently reported (summarized in Kabata- 
Pendias and Pendias, 1991). 
Phosphorus and calcium accumulation in various plant parts was affected by changes in 
the concentrations of Cd, Pb, and Cu in the substrate, although, unequally in the three plant 
species. Thus, tissue Ca response to elevated Cd, Pb, and Cu in the substrate was also species 
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specific. Iorio et al. (1996), also found positive Cu - P interactions in experiments with lettuce 
cv. Roman grown on perlite and treated with 0.03 and 0.06 mg/L Cu and 62 or 224 mg/L P. 
There are reports indicating the suppressive effect of elevated Cd, Pb, and Cu in perlite 
on a number of plant species (Azpiazu, 1989; Azpiazu et al., 1986; Iorio et al., 1996; Lieten and 
Roeber, 1997; Velayutham and Pondrilei, 1981). For instance, Azpiazu (1989) reported 
significant yield reduction of Lolium multiflorum grown on perlite with addition of 100 mg/L of 
Cu, Zn, Pb, and other toxic elements. Velayutham and Pondrilei (1981) in experiments with 
sweet potato grown in perlite culture found that 2 mg/L of Cu enhanced normal growth, while 4, 
8, and 16 mg/L of Cu resulted in chlorotic plants. Also, concentrations above 8 mg/L caused 
phytotoxicity and severe chlorosis, and possibly P deficiency (pink leaf pigmentation). Yields 
were 4.7, 8.1, 5.6, 5.3, and 3.8 g/pot at Cu levels of 0, 2, 4, 8, and 16 mg/L respectively. Lieten 
and Roeber (1997) grew strawberries in perlite, with a continuous supply of 0.5 pmol Cu/L and 
found that more than 65% of the Cu was accumulated in the roots, 10% in crowns and 10% in 
leaf blades, while only 0.5% was located in the flowers. In another experiment where plants 
were grown in peat bags, Lieten and Roeber (1997) added three rates of Cu in the nutrient 
solution: 0.5, 2.5, and 5.0 pmol/L. Increased Cu in the solution had no significant effect on 
fruit set, fruit size, or yield. Lee et al. (1996), reported toxicity symptoms in Pelargonium X 
hortorum grown on peat and perlite medium with 0.5mM Cu; they also noted a yield decrease at 
2mM Cu in the solution as well as decreased chlorophyll with increasing Cu concentration. 
Variation in the essential oil constituents of peppermint, sage, and basil as a result of 
heavy metal treatments was detected. Those results confirm the finding of Misra (1996), Misra 
and Sharma (1991a,b), and Zheljazkov and Nielsen (1996a) for alterations in Japanese and 
peppermint oil constituents as a result of heavy metal treatments. Zheljazkov and Wilcox 
(1995) also detected reduced linalool content in the basil essential oil as a result of increased 
heavy metal concentration in the substrate. However, other authors did not find variation in oil 
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constituents resulting from high concentrations of heavy metals in the growth medium (Scora 
and Chang, 1997, for peppermint grown on sewage sludge; Zheljazkov and Nielsen, 1996b, for 
lavender grown on heavy metal-polluted soil). The application of Cu at 150 mg/L reduced the 
oil content in peppermint and basil, but not in sage. Although the accumulation of Cd, Pb, and 
Cu in plants especially roots, reached extremely high values, no transfer of Cd, Pb, and Cu from 
the herbage into the essential oils was observed. Those results confirm that heavy metals 
accumulated in the aboveground plant parts do not pass onto the essential oil during the process 
of distillation, or if they do pass they are found in minute concentrations (Scora and Chang, 
1997; Zheljazkov and Nielsen, 1996a,b; Zheljazkov and Warman, 2000b). Thus, the three plant 
species could be used as cash crops and for phytoremediation at sites contaminated with heavy 
metals. 
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CHAPTER 4 
PRODUCTIVITY AND ESSENTIAL OIL CONTENT AND QUALITY OF DILL, 
PEPEPRMINT, AND BASIL, GROWN ON HIGH CADMIUM, LEAD, AND COPPER 
SUBSTRATE 
Abstract 
A container experiment was conducted to evaluate the effect of Cd, Pb, and Cu on 
yields and essential oils of peppermint, basil, and dill. The accumulation of Cd, Pb, Cu, Mn, Zn, 
Ca, and P in plant parts, wastes and water from distillation, and in the essential oils, were also 
determined. Metal treatments of peppermint and basil consisted of (in mg/L): Cd 10; Pb 100; 
Cu 100; Cd 10 + Pb 100; Cd 10 + Cu 100; Pb 100 + Cu 100; Cd 10 + Pb 100 + Cu 100; and 
control (no metal addition). Metal treatments of dill consisted of (in mg/L): Cd at 2, 6, and 10; 
Pb at 50, 100, and 500; Cu at 20, 60, and 150 and a control. The above solutions were applied 
to growth substrate (ProMix) once per week. Peppermint and basil yields were not affected by 
the treatments. Cu at 60 and Cu 150 mg/L reduced both yields and height of dill, Cu 150 mg/L 
resulted in Cu phytotoxicity symptoms and retarded growth. High Pb and Cu reduced Cd 
uptake by peppermint and basil, indicating possible antagonism between these ions. At elevated 
Cd concentrations, Cd transport from roots to shoots of the three species was impaired. Cu 
accumulation in plant roots was higher in the presence of Cd and Pb. However, the observed 
‘synergism’ might be due to a competition for binding sites in the growth substrate, resulting in 
high phytoavailability of Cu in the presence of Cd and Pb ions. The tested treatments altered 
chemical composition of the essential oils of basil and dill, however, without a clear trend. 
Metal treatments reduced the menthol content in the peppermint oils. Oil content of peppermint 
did not vary significantly as a result of the treatments, however, oil content in basil from the 
CdPbCu treatment was lower than in the control. Copper application at 150 mg/L reduced oil 
content in dill relative to the control. No detectable amounts of Cd, Cu, and Pb in the oils of the 
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three species were found. In conclusion, peppermint, basil, and dill can be grown in medium 
polluted with Cd, Pb, and Cu without risk for metal transfer into the oils. 
Introduction 
Heavy metal pollution of agricultural soils is a major environmental problem. On a world 
scale, there are thousands of hectares of heavy metal polluted agricultural soils, resulting in 
contaminated produce. Current thinking is that the cost of soil remediation using presently 
available technology is not practically feasible (Cunningham and Ow, 1996; Salt et al., 1995). 
‘Green clean’ or phytoremediation is a possible alternative for cleansing mildly polluted soils by 
heavy metals (Baker, 1981; Brown et al., 1994; Brown et al., 1995; Cunningham and Ow, 1996; 
Raskin et al., 1994). Significant amount of research has been conducted to identify plants and 
varieties that would be suitable for phytoremediation. A good plant for phytoremediation 
(phytoextraction) should have: 1) high accumulation of one or several heavy metals; 2) high 
translocation of metals from roots to shoots; 3) the properties should be stable; 4) metal specific 
high uptake; 5) high biomass production; and 6) economic value. 
Research, conducted to identify highly metal tolerant plants for use in cleansing 
polluted soils, has identified some wild and cultivated species which absorb metals in 
significantly elevated concentrations (Baker, 1981; Brown et al., 1995; Chaney, 1995; Kumar et 
al., 1995). Known as hyperaccumulators, these metal accumulating species, such as Allysum 
bertolonii, Psychotria douarrei, Sebertia acuminata for Ni; (.Italiana serpentine), Thlaspi 
caerulescens, T. alpestre, T. brrachypetalum, T. goesingense, and T. rotundifolium, Thlaspi 
calaminare for Zn and Cd; Alyssum murale, A. nebrodense, A. serpyllifolium, A. tenium, Thlaspi 
montanum var. montanum, and Ipomea alpina for Cd; Haumaniastrum robertii for Co; T. 
rotundifolium for Pb; Macadamia neurophylla for Mn; Brassica juncea, and some chemotypes 
of Silene cucubalis (5. vulgaris, S. inflata) for Cd, Ni, and Cu, Festuca ovina, and F. rubra for 
Cu (Baker et al., 1994; Brown, 1995; Brown et al., 1994; Brown et al., 1995; Chaney, 1995; 
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Kumar et al., 1995). Such metal accumulating species were originally located in metaliferous 
soils around old mining areas and smelters. Other species that act as heavy metals indicators, 
such as Bromus inermis, Rumex spp., Festuca spp., Phleum pratense, Agrostis canina, A. 
capilarris (tenius), A. stolonifera, A. gigantea and Silene cucubalis (S. vulgaris, S. inflata), have 
also shown potential for phytoremediation (Yevdokimova, 1994). However, most of these 
species wild plants and are unsuitable for use as phytoextractors of agricultural soils 
contaminated with heavy metals. Cultivation of wild plants is difficult and the relatively small 
size and slow growth rate does not provide significant metal uptake from a contaminated site. 
For instance, Thlaspi caerulescens regarded as hyperaccumulator would need to grow on a 
mildly contaminated site for 13 to 14 years before removing enough heavy metals to make the 
soil suitable for cultivation of food and feed crops (Baker et al., 1994). In addition, production 
of a wild species generates no revenue, making the growth of such plants uneconomical and thus 
unattractive to farmers. That is why scientists are trying to identify crops that can provide high 
biomass to remove high amount of metals from soil. Several different species have been tested 
for phytoremediation or phytomining, and are regarded as suitable. One of the most promising 
plants seems to be Salix sp. For instance, Greger (1999) compared the phytoremediation 
capacity (Cd uptake) of Salix viminalis, Allysum murale, and Thrlaspi caerulescens, and 
reported that Cd removal in g/ha/year was 216, 43, and 35 respectively. These results are due 
mainly to the much higher biomass that Salix is able to produce per year. 
Research has indicated that some species/cultivars of aromatic and medicinal plants can 
be successfully grown in heavy metal contaminated soils with only limited reductions in plant 
growth (Zheljazkov, 1995; Zheljazkov and Wilcox, 1995; Zheljazkov and Nielsen, 1996a, b, c; 
Zheljazkov and Fair, 1996; Zheljazkov and Nikolov, 1996; Zheljazkov and Warman, 2000a). 
In addition, the final product (essential oils) of these crops do not accumulate significant 
amount of metals even when plants were grown on heavily polluted soils (Zheljazkov and 
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Nielsen, 1996a,b,c; Zheljazkov et al., 1999; for peppermint) or on municipal sludge amended 
soils (Scora and Chang, 1997; for peppermint). Therefore, aromatic crops such as basil, dill, 
garden sage, and peppermint, may have a good potential as cash crops for metal contaminated 
sites. The objective of this study was to evaluate the effect of Cd, Pb, and Cu on growth, 
productivity, and essential oil content and quality of peppermint, basil, and dill, and on 
accumulation of Cd, Pb, Cu, Mn, Zn, Ca, and P in plant parts, wastes and water from 
distillation, as well as metal accumulation in the oils. 
Material and methods 
Plant material and growth conditions 
Three container experiments were conducted at the University of Massachusetts, 
Amherst, in the greenhouses of the Department of Plant and Soil Sciences. Three aromatic plant 
species were used in this experiment: peppermint {Mentha X piperita L.) cv Mitcham, basil 
{Ocimum basilicum L.) cv. Broad Leaf Italian, and dill {Anethum graveolense L.) general 
population. Planting material for peppermint was kindly provided by Dr. James Simon from 
Purdue University, while basil and dill seeds were purchased from Johnny’s Selected Seeds, 
Albion, Maine. Basil and dill were started from seeds placed directly in the containers, while 
peppermint plants were initiated from rhizome cuttings, to provide equally developed seedlings 
in each container. Containers were randomly distributed and rotated around every week. In 
each container 3 equally developed plants were allowed to grow. The necessary nutrients were 
provided with the Hoagland solution, once per week. Plants were grown in 6-inch containers in 
artificial growth substrate ProMix, specially designed for greenhouse production, and widely 
available on the market. All plants were harvested at stage 50% flowering, when the quality and 
quantity of the essential oils is the highest. The essential oil was extracted via distillation by 
using J&W Simultaneous Steam Distillation-Extraction Apparatus following the manufacturer’s 
procedure. 
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In the present experiment, Cd, Pb, and Cu were tested, at their respective upper critical 
concentration (at concentration showing 10% yield reduction). In the experiments with 
peppermint and basil, the following treatments were applied (in mg/L): Cd 10; Pb 100; Cu 100; 
Cd 10 + Pb 100; Cd 10 + Cu 100; Pb 100 + Cu 100; Cd 10 + Pb 100 + Cu 100; and control 
(without metal addition). Heavy metal concentrations for the experiment with dill were selected 
so that the lowest concentration was the lowest total critical concentration for the respective 
metal in the soil, that could cause phytotoxicity and/or 10% yield reduction (Kabata-Pendias and 
Pendias, 1991). The next concentration was chosen to represent the highest critical 
concentration, at which most of the tested plant species showed yield reduction and/or 
phytotoxicity symptoms (Kabata-Pendias and Pendias, 1991). The third concentration was 1.5 - 
5 times above the upper level of the critical concentration for each individual metal. The 
following metal concentrations were applied to the substrate of dill: Cd at 2, 6, and 10 mg/L; Pb 
at 50, 100, and 500 mg/L; Cu at 20, 60, and 150 mg/L and a control (without metal addition). 
These solutions were applied to the substrate once per week, with 100 mL solution per 
container. 
The following items were measured: plant height, fresh and dry weight, essential oil 
content (by steam distillation), essential oil quality (by Gas Chromatograph analysis), 
concentration of Cd, Pb, Cu, Mn, Zn, Ca, and P in substrate, plant parts, concentration of Cd, 
Pb, Cu, and Mn in oils. The digestion procedure for tissue, substrate, and oil was as described 
by Zheljazkov and Nielsen (1996 a). Briefly, tissue and substrate samples were digested in 
concentrated HN03, while oils were dry ashed. Elemental concentrations (Cd, Pb, Cu, Mn, Zn, 
Ca, and P) in substrate, in plant tissue (roots, stems, leaves), in the essential oil, water and 
wastes from distillation, were measured using Inductively Coupled Plasma apparatus. Results 
were statistically analysed by using SAS. 
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Results and discussion 
Yields of peppermint and basil and basil plant height were not affected by the 
treatments (Table 4.1). One of the reasons for lack of yield response might be due to the use 
Table 4.1. Effect of Cd, Pb, and Cu on plant dry weight (g/pot) and height (cm). 
Species index Contr. Cd CdPb CdCu 
Treatments 
Pb PbCu Cu CdPbCu 
Mint Weight 71a 77a 71a 80a 71a 83a 86a 73a 
Basil Weight 104a 95a 106a 97a 91a 96a 98a 97a 
Height 79a 81a 71a 71a 78a 68a 72a 71a 
Treatments 
Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Dill Weight 63a 66a 61a 63a 71a 62a 54a 67a 24b 13c 
Height 45a 27ab 17b 14b 48a 43a 3 lab 39a 25 ab 12b 
*Values with the same letter within a species are not significantly different at p 0.05. 
of Promix as a substrate. Because of the high concentration of organic matter in the substrate, 
Cd, Pb, and Cu become unavailable due to the high affinity of these metals to organic matter 
(Kabata-Pendias and Pendias, 1991). In the experiment with dill, Cd and Pb in the substrate did 
not affect the yields (Table 4.1). However, high concentrations of Cu (Cu 60 and Cu 150 mg/L) 
reduced both yields and plant height relative to the control. At Cu concentration of 150 mg/L, 
the growth of dill was severely suppressed and yields were lower than yields at Cu 
concentration of 60 mg/L. Copper concentration of 150 mg/L resulted in typical Cu 
phytotoxicity symptoms (Kabata-Pendias and Pendias, 1991; Luna et al., 1994). Lee et al. 
(1996) reported toxicity symptoms in Pelargonium hortorum grown on peat and perlite medium 
at solution of 0.5 mM Cu, and yield decrease at 2 mM Cu in the solution, and decreased 
chlorophyll with increasing Cu concentration. Although Cd, Pb, and Cu have a very high 
affinity to organic matter, a significant amount of metal ions might be available to plants during 
the addition of water-soluble metals. Most probably metal binding to organic matter takes some 
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time, meanwhile there is a sufficient pool of readily available Cd, Pb, and Cu in the substrate. 
Since only Cu had negative effect on plant yields, one may speculate that under the conditions 
of the present experiment only Cu was in the toxic range. Cadmium at 2, 6, and 10 mg/L and Pb 
at 50, 100, and 500 mg/L in the solution did not affect dill plant productivity, however, these 
metals had a negative effect on plant height. 
Cadmium 
Cadmium content in the substrate immediately after harvest of peppermint and basil was 
similar in all Cd treatments (Cd, CdPb, CdCu, and CdPbCu) (Table 4.2). In the non-Cd 
treatments (Pb, PbCu, and Cu), Cd content in the substrate was not different from the Cd content 
in the control (Table 4.2). Although Cd content in the substrate subject to Cd treatments was 
similar, Cd accumulation in the roots of peppermint and basil were different; higher Cd 
concentration in roots was detected in Cd treatment, and lower in CdPb, CdCu, and in CdPbCu 
treatments (Table 4.2). The above results clearly demonstrated that when Cd ions are competing 
with Cu, Pb, or with both Cu and Pb in the substrate, Cd absorption by plants is lower than in 
cases where Cd ions do not compete with Pb and Cu. The finding supports the view for 
competition (antagonism) between Cd, Cu, and Pb ions in respect of plant uptake (Kabata- 
Pendias and Pendias, 1991). Overall, Cd concentration in the above ground plant parts (stems 
and leaves) was lower than Cd concentration in the roots. Although most research has shown 
easy transport of Cd from roots to shoots (Alloway, 1990; Kabata-Pendias and Pendias, 1991), 
at elevated Cd concentration in the substrate Cd transport from roots to shoots may be impaired 
(Cunningham et al., 1975). However, Cd transport from roots to shoots was not impaired when 
Cd concentration in the substrate was within normal background levels (i.e. in the control). 
Cadmium concentration in the wastes was similar to Cd concentration in the above ground plant 
parts. Cadmium in the water from distillation of peppermint was below 0.005 mg/L. 
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Table 4.2. Effect of Cd, Pb, and Cu, singly and in combination on Cd accumulation in substrate 
and plant parts (mg/kg). 
Species 
Metals 
accumu 
lated in 
Treatments (mg/L in the applied solution) 
Contr. Cd CdPb CdCu Pb PbCu Cu CdPbCu 
Pepper substrate 4.2b 48.3a 45.8a 51.1a 4.5b 4.0b 3.9b 47.0a 
mint roots 0.2c 89.0a 39.5b 43.2b 0.4c 1.8c 1.0c 60.8b 
stems u.d. 1.6a 1.8a 2.2a 1.0a 0.4a 0.4a 1.4a 
leaves u.d. 5.2a 5.2a 5.9a 4.5a 0.6a 0.6a 6.9a 
wastes 0.3b 9.5a 6.7a 4.8a 0.6b 0.5b 0.7b 6.1a 
water u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. 
Basil substrate 3.9b 50.3a 46.7a 49.4a 5.1b 4.8b 4.8b 46.2a 
roots 1.9c 53.6a 44.0ab 42.7ab 0.9c 13.8c 0.9c 30.9b 
stems 1.2c 24.1a 22.3a 10.1b 0.8c 1.6c 0.7c 10.7b 
leaves 1.1a 1.3a 5.4a 1.3a 0.6a 0.7a 0.4a 2.1a 
wastes 0.7b 3.9a 3.4a 4.4a 0.6b 1.2b 0.9b 4.2a 
water u.d. u.d. u.d. u.d. u.d. u.d. u.d. u.d. 
Treatments (mg/L in the applied solution) 
Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Dill substr. 1.3d 12.8c 40.1b 65.4a 2.Id 1.9d 1.6d 0.9d 1.2d 1.3d 
roots - - - - - - - - - - 
stems 0.4d 34.4c 118.1b 196.8a 0.7d 0.4d 0.4d 0.5d 1.2d 1.7d 
leaves 0.9c 20.5b 48.8a 53.8a 0.9c 0.4c 0.8c 0.8c 1.1c 0.9c 
wastes 0.7d 25.1c 60.5b 104.9a 0.7d 0.4d 0.7d 0.6d 0.9d l.ld 
water u.d. u.d. 0.1 0.1 u.d. u.d. u.d. u.d. u.d. 
*Values with the same letter within a species and plant part are not significantly different at p 0.05. 
Cd concentration in the water from distillation of basil was very low, below 0.02 mg/L, 
indicating no or negligible transfer of Cd from tissue to water during distillation of basil. 
Naturally, with the increase of Cd concentration in the solution, Cd content in the 
substrate and in dill was increased (Table 4.2). Elevated Cd accumulation in the substrate 
resulted in higher Cd content in the above ground plant parts, confirming other reports for good 
transport of Cd from roots to shoots (Kabata-Pendias and Pendias, 1991). However, shoot Cd of 
dill did not increase proportionally to the substrate Cd, confirming the findings with the other 
two plant species; peppermint and basil, and the report of Cunningham et al. (1975). Cadmium 
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concentrations in the wastes from distillation of dill were similar to Cd concentration in the 
stems and leaves. Cd in the water from Cd 6 and Cd 10 mg/L treatments was 0.1 mg/kg, Cd in 
the water from the other treatments was below 0.005 mg/L. Cadmium concentration in the plant 
parts from other non-Cd treatments (Pb and Cu) (Table 4.2) was within the normal background 
levels for tissue (Kabata-Pendias and Pendias, 1991). 
Lead 
Lead concentration in the substrate of peppermint and basil from the Pb treatments was 
similar, and higher than in the control, while Pb concentration in the non-Pb treatments was not 
different from the control (Table 4.3). Lead content in peppermint and basil leaves from all Pb 
treatments (CdPb, Pb, PbCu, and CdPbCu) was similar and higher than that in leaves from non- 
Pb treatments and from the control (Table 4.3). Lead content in roots, stems, and leaves from 
the Cd, CdCu, and Cu treatments were not different from the control (Table 4.3). Lead has been 
shown to accumulate mainly in plant roots, and very small amount to be transported from roots 
to shoots (Kabata-Pendias, and Pendias, 1991). The results from this study confirm the above. 
Lead content in the wastes from distillation was similar to the Pb content in above ground plant 
parts. Pb content in the water from distillation of peppermint, dill, and basil varied between 0.3 
and 0.6 mg/L and was not influenced by the Cd, Pb, and Cu treatments. The above results 
indicated negligible or no transfer of Pb from plant material to water during the distillation 
process. Increased Pb concentration in the substrate of dill resulted in significant increase of Pb 
in dill stems and leaves (Table 4.3). In the Pb 500 mg/L treatment, Pb content in the substrate 
immediately after harvest was 3105 mg/kg, while Pb content in the leaves from the same 
treatment was 321 mg/kg. The finding suggested, that at very high Pb concentrations in the 
substrate, Pb transport from roots to shoots increased. Various concentrations of Cd and Cu did 
not affect dill tissue Pb (Table 4.3). 
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Table 4.3. Effect of Cd, Pb, and Cu, singly and in combination on Pb accumulation in substrate 
and plant parts (mg/kg). 
Metals Treatments (mg/L in the applied solution) 
Species accumu 
lated in Contr. Cd CdPb CdCu Pb PbCu Cu CdPbCu 
Pepper substrate 16.5b 19.3b 1082.0a 15.0b 1096.0a 1104.0a 18.1b 1152.0a 
mint roots 32.2b 25.6b 149.0a 25.3b 126.0a 187.0a 10.1b 174.1a 
stems 17.4b 18.8b 21.1a 15.5b 26.8a 25.7a 13.2b 29.6a 
leaves 13.5b 14.0b 35.2a 15.2b 33.6a 44.6a 20.2b 51.4a 
wastes 23.0b 25.1b 41.1a 16.2b 39.9a 65.5a 23.7b 61.9a 
water 0.4a 0.5a 0.4a 0.5a 0.5a 0.5a 0.5a 0.3a 
Basil substrate 14.2b 16.2b 968.0a 17.6b 896.0a 927.0a 13.8b 943.0a 
roots 20.1b 23.8b 211.0a 28.6b 190.0a 184.0a 53.0b 173.2a 
stems 17.5b 16.8b 29.8a 19.6b 41.0a 29.5a 17.6b 25.9a 
leaves 13.6b 18.8b 24.4a 16.5b 27.5a 24.6a 19.3b 24.7a 
wastes 17.8b 20.4b 31.0a 20.3b 30.1a 24.5ab 24.2ab 26.8ab 
water 0.5a 0.5a 0.6a 0.5a 0.4a 0.5a 0.6a 0.5a 
Treatments (mg/L in the applied solution) 
Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Dill substr. 26.Id 24.0d 26.Od 21.3d 352.0c 713.0b 3105.0a 16.8d 19.4d 22.9d 
roots - - - - - - - - - - 
stems 19.2d 20.3d 21.5d 35.Id 74.5c 142.3b 263.1a 6.5d 21.2d 5.6d 
leaves 13.3c 14.0c 24.6c 22.0c 142.0b 159.0b 320.7a 23.7c 25.8c 25.2c 
wastes 22.4d 23.4d 25.6d 25.9d 94.9c 217.3b 457.3a 45.9d 28.Id 28.3d 
water 0.5a 0.4a 0.5a 0.4a 0.4a 0.6a 0.5a 0.5a 0.3a 0.5a 
*Values with the same letter within a species and plant part are not significantly different at p 0.05. 
Copper 
Copper concentration in the substrate in Cu treatments was similar, while Cu content in the 
substrate in the non-Cu treatments was not different from the control (Table 4.4). For both 
peppermint and basil, less Cu was accumulated in the roots from the Cu treatment, compared 
with the roots from the CdCu, PbCu and CdPbCu treatments (Table 4.4). The results might be 
an indication of synergistic interactions of Cu with Cd, and Pb under the conditions of the 
experiment. Research has shown that Cu-Cd interaction could be either synergistic or 
antagonistic (Kabata-Pendias and Pendias, 1991). However, in this experiment Cu ions might 
compete with Pb and Cd ions for binding sites in the substrate. 
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Table 4.4. Effect of Cd, Pb, and Cu, singly and in combination on Cu accumulation in substrate 
and plant parts (mg/kg). 
Species 
Metals 
accumu 
Treatmen t s (mg/L in the applied solution) 
lated in Contr. Cd CdPb CdCu Pb PbCu Cu CdPbCu 
Pepper substrate 13.1b 122.0b 149.0b 970.0a 147.0b 947.0a 962.0a 931.0a 
mint roots 21.1c 49.2bc 24.1c 179.4a 41.9bc 199.4a 75.0b 253.0a 
stems 38.4a 16.9a 18.4a 28.0a 17.2a 23.5a 27.2a 23.1a 
leaves 28.0b 27.0b 23.7b 40.5a 28.0b 64.3a 44.9a 71.7a 
wastes 20.2b 20.2b 28.6b 65.8a 23.5b 99.0a 67.0a 93.0a 
water 0.5a 0.4a 0.2a 0.8a 0.1a 0.7a 0.7a 1.0a 
Basil substrate 145.0b 163.0b 168.0b 983.0a 142.0b 1038.0a 1020.0a 1058.0a 
roots 36.0c 23.8c 35.9c 129.0a 16.5c 141.0a 59.3b 155.0a 
stems 17.9 35.5 45.9 49.0 14.9 11.6 24.1 15.1 
leaves 9.6b 9.6b 11.6b 14.9a 7.4b 21.5a 22.5a 23.3a 
wastes 11.2b 12.8b 11.6b 15.7ab 12.4b 24.8a 41.3a 24.1a 
water 0.6a 1.2a 0.4a 0.2a 0.2 0.4 0.7a 0.7a 
Treatments (mg/L in the applied solution) 
Contr. Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cu 150 
Dill substr. 84.0dl24.0d 73.5d 115.0d 119.0d 105.0d lOl.Od 211.0c 483.0b 1057.0a 
roots - - - - - - - - - 
stems 23.5d 30.5cd 13.8d 21.3d 5.4d 5.Id 6.7d 33.1c 54.5b 62.8a 
leaves 17.3c 24.3c 14.2c 10.4c 28.1c 27.6c 27.2c 23.0c 54.8b 106.0a 
wastes 14.6c 11.7c 15.9c 20.5c 12.9c 18.8c 13.4c 73.7b 60.7b 138.7a 
water 0.3a 0.3a 0.3a 0.5a 0.3a 0.4a 0.2a 0.3a 0.4a 0.7a 
*Values with the same letter within a species are not significantly different at p 0.05. 
In the absence of Pb and Cd ions, relatively more Cu ions would bind to organic matter resulting 
in decreased phytoavailability of Cu. The net result would be the observed ‘synergistic effect’, 
which actually may have nothing to do with synergism. In both peppermint and basil, Cu 
accumulated mainly in the roots, and little has been transported to the shoots. The results 
confirm other reports for minimal transport of Cu ions from roots to shoots (Lieten and Roeber, 
1997; Zheljazkov and Warman, 2000 b). Copper concentration in the wastes from the 
distillation of peppermint and basil was similar to the concentration in the above ground plant 
parts. Copper content in the water from distillation was below 1 mg/L (varied between 0.16 to 
0.7 mg/L) and was not affected by the treatments. 
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At dill harvest Cu concentration in the non-Cu treated substrate was similar to the 
control, while Cu concentration in the substrate in the Cu 150 mg/L treatment was very high, up 
to 1057 mg/kg (Table 4.4). This very high Cu concentration in the substrate severely 
suppressed both shoots and roots development, and insufficient amounts of roots were available 
for analysis. Copper accumulation in the above ground plant parts (stems and leaves) from Cu 
treatments was higher than in the control, and increased with increased Cu content in the 
substrate. Copper accumulation in leaves was similar to Cu in the stems, and Cu content in the 
wastes from distillation was similar to Cu content in the above ground plant parts. Copper in the 
water from distillation was below 1 mg/L, varying between 0.2 and 0.7 mg/L, and increased 
with the increase of Cu content in the plant parts. Tissue Cu in the Cd and Pb treatments (Table 
4.4) was within normal background levels for tissue Cu, which is around 20 mg/kg (Kabata- 
Pendias and Pendias, 1991). 
Manganese 
Manganese concentration in the substrate of the three plant species was similar and not 
different from the control (Figure 4.1 A, B, C). Manganese is known to be present in plants 
mainly in free ionic form, and to be highly mobile within young tissue (Kabata-Pendias and 
Pendias, 1991). The tissue Mn was measured to see if Cd, Pb, and Cu in various treatments 
would affect normal tissue Mn in peppermint, basil, and dill. Although tissue Mn in peppermint 
and dill varied somewhat between the treatments, leaf Mn was not different from the control. 
Thus, although there are some reports on Mn interactions with other heavy metals, notably Cd 
and Pb (Kabata-Pendias and Pendias, 1991), our results indicated that elevated concentrations of 
Cd, Cu, and Pb in the substrate and in plants did not affect tissue Mn of peppermint, and dill. 
However, within basil, root tissue Mn in Cu treatments (CdCu, PbCu, Cu, and CdPbCu), and in 
Pb and Cd treatments was lower than in the control (Figure 4.1 B). The result might be an 
indication for some antagonistic effect of Cu and in some instances of Pb and Cd on Mn 
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Figure 4.1. Effect of Cd, Pb, and Cu on Mn content in plants. 
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accumulation in the basil roots. For peppermint, more Mn was measured in the leaves than in 
stems and roots, while in basil root/shoot Mn varied without a clear trend. Mn concentration in 
the wastes and water from the distillation of the three plants was not affected by the treatments. 
Mn concentration in the water varied between 0.7 and 1.0 mg/L. 
Zinc 
The tissue Zn was measured for the same reason as tissue Mn; to see if tissue Zn was 
influenced by elevated concentrations of Cd, Cu, and Pb in the substrate. There are some 
reports in the literature for Zn-Cu antagonism (Kabata-Pendias and Pendias, 1991). Substrate 
Zn in all treatments after harvesting was similar and not different from the control (Figure 4.2 
A,B,C). Tissue Zn in the roots, stems, and leaves of peppermint and basil and in stems and 
leaves of dill was not affected by the various elevated concentrations of Cd, Pb, and Cu in the 
substrate and in plants. Zinc concentration in the wastes was similar to Zn content in the above 
ground plants parts, Zn in the water from distillation varied between 0.13 and 0.6 mg/L and was 
not affected by the treatments. 
Calcium 
Calcium content in the substrate from various treatments was similar and not different 
from the control (Figure 4.3 A, B, C). Within basil, addition of Cd, Pb, and Cu alone and in 
various combinations resulted in lower root Ca content than in the control. The lowest Ca 
accumulation in basil roots was measured in the Pb and Cu treatments. Despite variations in 
root Ca due to different treatments, leaf Ca in various treatments was not different from the 
control. Calcium in the wastes from distillation was similar to leaf Ca and was not affected by 
the treatments. Tissue Ca in peppermint and dill was not affected by the treatments. Calcium in 
the water from distillation from various treatments varied between 75 and 200 mg/L, however, 
within a given plant species water Ca was not different from the control. 
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Figure 4.2. Effect of Cd, Pb, and Cu on Zn accumulation in plants. 
‘Means with the same letter within a plant part of a species are not significantly different at p = 0.05. 
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Phosphorus 
Tissue P of peppermint was not affected by elevated concentrations of Cd, Pb, and Cu in the 
substrate and plants (Figure 4.4 A). In most cases, P concentration in the roots, stems, and 
leaves of peppermint w as similar. However, at high concentrations of Cd, Pb, and Cu in the 
substrate and basil roots, P accumulation in basil roots was reduced, as compared to the control 
(Figure 4.4 B). High concentrations of Pb and Cu alone resulted in the lowest P concentration 
in basil roots. However, despite significant variations in root P, basil leaf P did not show 
significant variation as a result of the treatments. Phosphorus content in the wastes from 
distillation was similar to leaf P. Phosphorus in the water from distillation of peppermint and 
basil varied between 50 and 120 mg/L and was not different from the control. Phosphorus in 
the water from distillation of dill was much lower, varied between 15 and 30 mg/L, but still not 
different from the control. Increased concentration of Cd in substrate and in plants tends to 
increase tissue P of dill (Figure 4.1 C). In the highest Cu treatment, tissue P was lower than in 
the control. High concentrations of Pb did not influence tissue P of dill. 
Essential oils 
The application of heavy metals to the substrate altered the essential oil constituents of 
both dill and basil, however, without a clear trend (Appendix B). Chemical composition of the 
peppermint oil revealed significant variation in the oil constituents, still the identified 
constituents were within their normal values for peppermint oil (Table 4.5). Menthol content in 
the oils from heavy metal treatments was reduced relative to the control. The variation in the 
percentage of other constituents did not show any trend as a result of the treatments. Other 
authors have also reported alterations in Japanese and peppermint oil constituents following 
heavy metal treatments (Misra, 1996; Misra and Sharma, 1991 a, b; Zheljazkov and Nielsen, 
1996 a). However, Scora and Chang (1997) did not find variation in peppermint oil constituents 
due to elevated concentrations of heavy metals in the substrate. 
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Figure 4.3. Effect of Cd, Pb, and Cu on Ca accumulation in plants. 
♦Means with the same letter within a plant part of a species are not significantly different at p = 0.05. 
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Table 4.5. Chemical composition of peppermint oil depending on the treatments. 
Essential oil 
constituents Control Cd CdPb CdCu Pb PbCu Cu CdPbCu 
a-Pinene 0.53 0.63 0.48 0.46 0.68 0.74 0.45 0.63 
Limonene 1.19 1.93 2.45 2.50 3.31 2.16 2.42 2.22 
1,8-Cineole 3.84 4.15 4.97 3.44 5.17 4.51 3.59 4.94 
Menthone 23.1 22.6 26.3 27.3 19.4 21.5 19.8 23.3 
Menthofuran 2.18 1.33 3.56 2.21 2.25 1.63 1.67 2.78 
Menthyl acetate 3.56 2.97 2.74 3.61 4.15 3.04 3.49 3.80 
Neomenthol 5.96 6.41 3.28 3.45 3.91 2.06 4.28 3.95 
(3-Caryophyllene 0.72 3.41 2.69 1.06 1.86 0.52 0.80 1.25 
Menthol 35.2 33.5 32.6 32.8 30.9 32.8 31.6 33.3 
Pulegone 0.24 0.26 0.37 0.13 0.31 0.32 0.22 0.13 
Essential oil content of peppermint did not vary as a result of different treatments, 
however, oil content in basil from the CdPbCu treatment was lower than in the control (Table 
4.6). Copper application at 150 mg/L reduced oil in dill relative to the control, while elevated 
Table 4.6. Essential oil content (% in dry leaves) in the three plants depending on the treatments. 
Species Treatments 
Control Cd CdPb CdCu Pb PbCu Cu CdPbCu 
Peppermint 2.4a 2.3a 2.5a 2.1a 2.5a 2.4a 2.2a 2.1a 
Basil 1.4a 1.4a 1.2b 16.1a 1.3ab 1.2b 1.4ab 1.2b 
Species Treatments 
Control Cd 2 Cd 6 Cd 10 Pb 50 PblOO Pb 500 Cu 20 Cu 60 Cul 50 
Dill 16.1a 17.3a 13.8ab 13.5a 15.3a 15.4a 15.9a 15.8a 15.9a 12.3b 
*Means with the same letter within a species are not significantly different p 0.05. 
Concentrations of Pb and Cd did not (Table 4.6). Cadmium, Pb, and Cu concentration in the 
peppermint, basil, and dill essential oils from various treatments was below 0.06, 0.63 and 0.25 
mg/L respectively, confirming other reports for lack of transfer of Cd from tissue into the 
essential oil as a final product (Scora and Chang, 1997; Zheljazkov and Nielsen, 1996 a, b). The 
result is significant from a practical point of view. It seems that peppermint, basil, and dill can be 
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grown in Cd, Pb, and Cu contaminated soils, without risk for metal contamination of the final 
product - the essential oil. The above results also supports the idea, that peppermint, basil, and 
dill may be suitable crops for phytoremediation of mildly contaminated sites. 
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CHAPTER 5 
NUTRIENT AVAILABILITY TO BASIL AND SWISS CHARD GROWN ON HIGH Cu 
COMPOST AMENDED SOIL 
Abstract 
A greenhouse container experiment was conducted to evaluate the effect of high Cu 
compost on basil and Swiss chard productivity, and the accumulation of As, Ca, Fe, Hg, K, Mg, 
Na, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, S, and Se in growth medium and plant tissue. The 
treatments consisted of control soil (0% compost), and 20, 40, and 60% (by volume) of high Cu 
compost added to soil. All compost application treatments (20, 40, and 60%) resulted in 
increased dry matter yields in Swiss chard and basil. Addition of high Cu compost influenced 
basil plant development. Plants from the 20 and 40% treatments had higher numbers of buds and 
flowers. There were no differences between the control and 60% compost treatments with respect 
to flower initiation. Addition of 20, 40, and 60% compost to the soil resulted in increased EXCH 
fractions of Cu, but not of Mn and Zn. Compost additions resulted in increase in the HNO3 
extractable, CARB, FeMnOX, and in OM fractions of Cu, Mn, and Zn in soils. Compost 
application increased soil pH and EC, soil HN03 extractable Ca, K, Mg, P, Na, B, and Pb, but did 
not alter soil HNO3 extractable Cd, Co, Cr, Mo, Ni, Se. Increased rates of compost application 
decreased tissue Ca in basil, tissue Na in both plants, increased tissue K, Mg in both plants, but, 
did not alter tissue P, Co, Cr, Mo, Ni of either plants, and B in basil. Tissue As, Hg, Pb, and Se 
from all treatments were under the detection limits of VGA-AAS (for As, Hg, Se) and ICP (for 
Pb). Compost additions altered basil oil chemical composition. Copper in the essential oil of 
basil was below 0.25 mg/L. In conclusion, the addition of high rates of relatively immature high 
Cu compost may not always increase Cu concentration in plants and in plant oils. 
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Introduction 
The application of yard waste and manure composts to agricultural soils has many 
advantages, which include providing a whole array of nutrients to the soil, preventing soil 
erosion, increasing beneficial soil organisms, reducing the need for fertilizers and pesticides, 
improving soil physical and biological properties, helping keep organic wastes out of landfills. 
Generally, yard waste composts are much safer for the environment than municipal solid waste 
(MSW) composts, or sewage sludge (SS) composts (Chaney, 1994; Epstein, 1997; Richard and 
Woodbury, 1992). Composting is known to decrease C and to increase the concentration in the 
final compost of most macro and microelements (Eghball et al., 1997). Depending on the 
feedstock, some heavy metals and toxic elements may be found at elevated concentrations in the 
compost, thus creating an environmental concern. This concern has led most countries to develop 
regulatory guidelines for compost quality, including maximum permissible concentrations of 
trace elements. For instance, Canadian guidelines for maximum trace element concentrations in 
type AA, A, and B compost (CCME96), regulate the concentrations of As, Cd, Co, Cr, Cu, Hg, 
Mo, Ni, Pb, Se, and Zn. These maximum permissible concentrations are different in different 
countries, (Epstein, 1997; Barth, 2000). 
Copper and zinc are two of the elements that cause concern because they can be found in 
elevated concentrations in some types of compost. Canadian guidelines for compost quality are 
quite stringent, especially for Cu in type AA and A compost (lOOmg/kg). Because such a 
standard is difficult to meet in practice, the guidelines may actually restrict the use of composts as 
soil conditioners. Additional confusion comes from the fact that all the compost and sewage 
sludge guidelines are based on the total concentration of elements in the material, despite the 
research data showing that considering bioavailable forms of metal would be more appropriate 
(Chaney, 1994; Handreck, 1994b; Epstein, 1997; Warman et al., 1995). 
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Although various soil extraction procedures could estimate the potential metal 
phytoavailability, results form soil analysis should be related to plant uptake as well. However, 
plant species tend to absorb heavy metals in unequal amounts. Therefore, in studies on 
phytoavailability, one should include representative plants species, or those that have been used 
frequently, so that the results can be easily compared with other reports. One such species is 
Swiss chard, a known metal accumulator that has been used intensively in research on the trace 
element mobility in soil-plant systems (Basta and Sloan, 1999; Cancet et al., 1997; Costa et al., 
1994; Handreck, 1994a,b; Luo and Christie, 1998). 
Basil is an aromatic plant, widely grown as a crop for the commercial production of 
essential oil, or grown as a spice plant. Research has shown that some aromatic plants could be 
safely grown on metal polluted soils around smelters or after the application of organic 
amendments high in metals (Scora and Chang, 1997; Zheljazkov and Nielsen, 1996a,b). The 
final product of these crops (the essential oil) was shown to contain minute concentrations of 
metals even when the plants are grown in medium, highly polluted with heavy metals (Scora and 
Chang, 1997; Zheljazkov and Wilcox, 1995; Zheljazkov and Nielsen, 1996a,b). The above 
results suggest that aromatic plants might be used for phytoremediation as well. In addition, 
unlike most field crops, basil is not a polyploid species, so it may be a better indicator of the 
adverse effect of various environmental signals to plants, including high concentrations of trace 
metals in composts. The importance of Cu and the trace metal availability is reflected in many 
papers where researchers used a single extraction with a mild neutral salt or a strong chelating 
agent (Becket, 1989; Edwards et al., 1998; El-Sabour, 1997; Handreck, 1990; Lake et al., 1984; 
Pinamonti et al., 1997; Warman et al., 1995). The recognition of the importance of metal 
speciation following organic additions to soil stimulated the use of sequential extractions (Basta 
and Sloan, 1999; Cancet et al., 1997; McGrath and Cegara, 1992; Pitchtel and Anderson, 1997; 
Stover et al., 1976; Luo and Christie, 1998; Planquart et al., 1999; Sims and Kline, 1991; Pare et 
82 
al., 1999). Most researchers used procedures based on the sequential extraction procedure 
published by Tessier et al. (1979) and Sposito et al. (1982). 
The aim of this study was to evaluate the effect of soil application of high Cu compost on 
Cu, Mn, and Zn speciation and bioavailabilty, and on Swiss chard and basil productivity and 
macro and microelement accumulation. Results from this study give valuable insights for better 
understanding the effect of compost-borne Cu and other metals in the growth medium. In 
addition, the results show that composts with high Cu content could be safely used for 
agricultural crops. 
Materials and methods 
Plant and growth conditions 
The container experiment was conducted in the greenhouses at the Nova Scotia 
Agricultural College in Truro, NS. The plants used in the experiment were Swiss chard (Beta 
vulgaris cv. Fordhook Giant) and basil (Ocimum basilicum L. cv. Italian Large Leaf). Swiss 
chard seeds were purchased from Cooper’s Nursery, Truro, NS, while basil seeds were purchased 
from Johnny’s Selected Seeds, Albion, ME. In each plastic container (20 cm in diameter) 10 
seeds were sown, a week after the emergence the plant number was reduced to three per 
container. Plants were grown for 12 weeks at a 14 h day. Plants were irrigated once every 24 h 
and fertilized once a week with 300 mL of fertilizer solution (60 g 20 - 20 - 20 NPK Quick 
Fertilizer in 6 L of water). Plastic trays were placed under each container for lechate collecting. 
Plants were harvested at the same time; when the basil plants begun to blossom. The treatments 
consisted of 20%, 40% and 60% compost: soil (v/v) and a control of 100%) soil. The soil used 
was a Pugwash sandy loam (Humo-Ferric Podzol), (water pH = 6.0, 3.1 mg C/g). 
Before mixing the soil and compost, 400 g calcium hydroxide was added to 100 kg of 
soil and thoroughly mixed in order to increase the soil pH. The compost was made from a 
combination of straw, chicken manure, and grass clippings. A Cu solution was added to the 
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feedstock, to achieve 1,000 mg Cu/kg mature compost on a dry basis. The compost passed the 
termophilic stage and was left to mature for 3 months. The compost was quite homogeneous, 
however, still immature at the time of mixing with the soil. 
A seed phytotoxicity test was used to evaluate compost maturity (Warman, 1999). Seed 
germination was performed in deioniozed water and in peat for controls. In each petri dish 15 
cm3 of compost or peat was added, and the material was moistened to saturation using deionized 
water. Filter paper was used as the water holding medium in the control petri dishes. Each 
treatment was replicated 5 times. Ten seeds were placed in every petri dish, the lids were left on 
until 3 days after the germination. 
Soil and tissue analysis 
Plants were oven-dried at 60° C for 72 h, dry matter recorded, ground and sieved through 
a 2.0 mm screen. Samples were left for essential oil extraction and analysis. Soil samples were 
taken immediately after the harvesting, dried at 60° C for 72 h, and then ground and sieved 
through 2.0 mm screen. Both plant and soil samples were digested in concentrated nitric acid. 
Nitric acid digestion 
A sub sample of 4 g of tissue or soil was placed in a 250 mL digestion tube and 40 mL of 
concentrated nitric acid added. The sample was heated for 45 min at 90° C, then the temperature 
was increased to 140° C, and the sample was boiled for at least 8 h until a clear solution was 
obtained. During the digestion process concentrated nitric acid was added to the sample (5 mL at 
least 3 times) and the digestion proceeded until the volume was reduced to about 1 mL. The sides 
of the tubes were washed down with a small amount of deionized water and swirled throughout 
the digestion to keep the sides clean and to prevent sample loss. After cooling, 5 mL of 1% 
HN03 was added to the sample. The sample was filtered through Whatman No. 42 filter paper 
into a 25 mL volumetric flask and diluted to volume with deionized water. For the analysis of 
As, Hg, and Se, half of the sample was transferred into a digestion tube, and boiled at 100°C until 
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the sample was reduced to 5 mL. After that, 5 mL of 6M HC1 was added and the sample was left 
on the digestion block for another 18 minutes, then cooled to room temperature and quantitatively 
transferred to a 25 mL volumetric flask and made up to volume with 6 M HCL. 
Sequential extraction 
Metal speciation was conducted by using the procedure of Luo and Christie (1998), 
which is actually the modified procedure of Tessier et al. (1979). The samples consisted of 2 g of 
air-dried and sieved soil or soil/compost mixture. All extraction steps were performed in 50 mL 
polypropylene centrifuge tubes with screw caps. The chemical fractions were operationally 
defined as follows: 
1. Exchangeable fraction of metals (EXCH): 16 mL of 1M Mg(N03)2 at pH 7.0 was added to the 
samples. The samples were shaken for 1 h at room temperature and centrifuged at 3000 rpm for 
10 min and the supernatant was filtered through No. 40 Whatman filter paper and stored for 
analysis. Then, the weight of the sample and the tube was recorded. 
2. Carbonate bound fraction (CARB): 16 mL of 1M CH3COOHNa adjusted to pH 5.0 with 
CH3COOH was added to each residue from step 1. The samples were shaken for 5 h at room 
temperature, centrifuged and filtered as during step 1; afterwards the weight was recorded. 
3. Metals from reducible iron and manganese bound fraction (FeMnOX): 30 mL of 0.04 M 
NH2OHHCl in 25% (v/v) CH3COOH were added to sample residues from step 3. The tubes with 
screwed caps were placed for 5 h on a water bath at 96° C and agitated occasionally. Then the 
tubes were centrifuged, filtered and weighed as indicated above. 
4. Organic matter bound metals (OM): 6 mL of 0.02 M HN03 and 4 mL of 30% H202 adjusted 
to pH 2.0 with HN03 were added to the sample residues from the previous step. The non-capped 
tubes with samples were placed on water bath at 85° C for 45 min. After that, 4 mL of 30% H202 
adjusted to pH 2 with HN03 was added to the samples, which were put on a water bath at 85° C 
for a further 45 min. This procedure was repeated three more times for a total period of 5 h. 
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After cooling, 8 mL of 3.2 M CH3COONH4 in 20% (v/v) HNO3 were added and the samples were 
diluted with deionized water to 30 mL. The samples were shaken for additional 30 min, 
centrifuged, and filtered as indicated above. 
Elemental analysis 
Samples were analyzed for HN03 - extractable B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, 
Mo, Na, Ni, P, Pb, S, and Zn by a Thermo Jarrell Ash Corporation Inductively Coupled Argon 
Plasma Spectrometer (ICAP) model 61, with simultaneous vacuum spectrometer, gas argon, and 
fixed cross flow nebulizer. As, Hg, and Se were analyzed using the Varian Vapour Generation 
Accessory, (VGA-76) for a Varian Spectra AA-20 atomic absorption spectrophotometer; flame 
was used for As and Se, while the cold vapor technique was used for Hg. The wavelengths and 
n limits for the ICAP analyzed elements were as follows (nm): 
Element Wavelength (nm) Detection limit (mg/kg) 
B 2496.78 0.05 
Ca 3706.03 0.01 
Cd 2265.02 0.005 
Co 2286.16 0.05 
Cr 2677.16 0.05 
Cu 3247.54 0.02 
Fe 2599.0 0.1 
K 7664.91 0.05 
Mg 2790.79 0.02 
Mn 2576.1 0.05 
Mo 2020.3 0.05 
Na 5889.95 0.1 
Ni 2316.04 0.05 
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p 1782.87 0.02 
Pb 2203.53 0.05 
S 1820.4 0.3 
Zn 2138.56 0.02 
The wavelengths for VGA-AAS measured elements were: As 193.7, Hg 253.7, Se 196.0. The 
sodium borohydride solution and HC1 for As and Se were 0.6% NaBH4 in 0.5% NaOH, 6M HC1 
in the acid container, while for Hg 0.3% NaBH4 in 0.5% NaOH and 5 M HC1 were used. Data 
analysis was performed using two-way ANOVA with SAS (SAS, 1995) at a. = 0.05 
Essential oil analysis 
The essential oil content of basil was established in dry herbage using Clevenger-type 
apparatus and the essential oils extracted by hydro distillation. A Varian 6500 GC system with 
flame ionization detector, nitrogen as a carrier gas, flow rate 12 ml/minute and fitted with a J&W 
Scientific DB-5 column (30 m X 0.53 pm, film thickness 0.5 pm) was used. The injection 
sample was 1 pL. The column oven temperature was programmed as follows: 15 min at 50° C, 10 
min at 60° C at 2° C/min, 2 min at 180° C at 10° C/min. 
Results 
The seed germination test for compost maturity showed that high Cu compost suppressed 
marigold but not cress seed germination (Table 5.1). Seed germination of cress in compost 
Table 5.1. Cress and marigold germination and height using the direct seed test for evaluation of 
compost maturity. 
Control H20 Control peat High Cu compost 
Species Germ. Height Germ. Height Germ. Height 
(%) (cm) (%) (cm) (%) (cm) 
Cress 84a* 1.2 80a 5.0 73a 3.1 
Marigold 100a 1.1 96a 3.9 75b 1.4 
*Means with the same letter within a species are not significantly different at p < 0.05. 
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was 68% or else 91% relative to the H20 control but not significantly different, while the seed 
germination of marigold was 75% relative to the control. Seedling height was also measured, 
however, this index cannot be used as a reliable indicator of compost phytotoxicity. The pH and 
EC of the growth medium, measured at the end of experiments, indicated that compost 
application to the soil tended to increase both pH (from 5.5 to 5.9) and EC (from 3.9 to 5.0 
mmhos/cm3) (Table 5.2). 
Table 5.2. Soil pH and electrical conductivity (EC) at harvest. 
Species Treatment pH EC (milli mhos/cm2) 
Basil Control 5.5 3.9 
20% compost 5.6 4.4 
40% compost 5.7 4.5 
60% compost 5.9 5.0 
Chard Control 5.5 3.9 
20% compost 5.5 4.5 
40% compost 5.6 4.7 
60% compost 5.8 4.9 
Plant yields, height, and development 
The application of 20% and 40% high Cu compost to the soil affected the development of 
basil (Figure 5.1 C). Plants from 20% and 40% treatments had higher number of buds and 
flowers at the four dates of measurement, while there were no differences between the control and 
60% compost treatments with respect to flower initiation. Dry matter yields depended on the rate 
of compost added to the growth medium indicating that basil reacted much more strongly to 
compost application than Swiss chard (Figure 5.1 A). Twenty percent, 40%, and 60% compost 
application to the soil increased yields of Swiss chard relative to the control. There were no yield 
differences in Swiss chard between the 20%, 40%, and 60% treatments. Compost addition to the 
soil also increased dry matter yields from basil, the highest yields were obtained in the 40% 
treatments, less with 20% and 60% treatments and the least in the control. Swiss chard plants 
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were taller in the 60% treatment relative to the control, while basil were taller in the 20% and 
40% treatments (Figure 5.1 B), thus following closely the trend of yield variation. 
Copper 
The addition of 20% compost to the soil resulted in a significant increase of exchangeable 
(EXCH), iron and manganese oxides (FeMnOX), organic matter (OM), and HN03 fractions by 3, 
12, 11, and 11 times, respectively, relative to the above fractions in the control soil (Table 5.4). 
However, there was no increase of carbonate (CARB) fraction relative to the control. Further 
addition of 40% and 60% compost to the growth medium resulted in significant increase of all Cu 
fractions relative to the control. In the 60% compost treatment, Cu in the EXCH, CARB, 
FeMnOX, OM, and in HN03 fractions was increased by 9, 23, 55, 55, and 60 times relative to the 
respective Cu fractions in the control soil. However, for both basil and chard, tissue Cu in the 
60% treatment was not s different from the control. For both plant species, higher tissue Cu was 
found in the 40% compost treatments. Tissue Cu in basil was higher than in chard. 
Manganese 
Addition of compost to the soil did not result in significant variation in the EXCH 
fraction of Mn, however, the CARB, FeMnOX, OM, and HN03 extractable Mn fractions 
increased, in the 60% compost treatment. The above fractions were higher than in the control by 
7, 2.6, 2.2, and 1.7 times, respectively. Basil tissue Mn was the highest in the 20% treatment, and 
lower in the control and in the 60% compost treatments. For chard, tissue Mn was the highest in 
the 20% compost treatment, and lower in the 40% compost treatment. Chard had higher tissue 
Mn than basil. 
Zinc 
The EXCH -Zn fraction was not altered by the rate of compost. Zinc CARB, FeMnOX, 
OM and HN03 fractions in the 60% compost treatment were higher by 12, 6, 3, and 3 times, 
respectively, than the control. For both basil and chard, tissue Zn did not correspond well to any 
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Figure 5.1. Effect of high Cu compost application on plant yields, height, and development. 
*Means with the same letter within a species are not significantly different at p = 0.05. 
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of the Zn fractions in the growth medium. For basil, the highest tissue Zn was found in the 60% 
compost treatment, and lower in the 40% compost treatment. For chard, the lowest tissue Zn was 
measured in the 60% compost treatment but higher in the control and in the 40% compost 
treatment. Basil had higher tissue Zn than chard. 
Other elements 
Increased rates of compost resulted in a an increase of HN03 extractable Ca from 0.4 
mg/g in the control soil up to an average of 11.3 mg/g in the 60% compost treatment (Table 5.3). 
Tissue Ca of both plants did not correspond well to growth medium Ca. For basil, the highest 
tissue Ca was found in the control, and the lowest tissue Ca was found in the 60% compost 
treatment. For chard, tissue Ca was lower in the control and in the 60% compost treatments, and 
higher in the 20% compost treatment. Basil contained more Ca than chard. Compost application 
increased HN03 extractable K in the growth medium two times relative to the control. Tissue K 
of basil and chard corresponded to the growth medium K. In both plants, tissue K was the 
highest in the 60% treatment and lower in the control. Chard accumulated more K than basil. 
Nitric acid extractable Mg in the growth medium increased with the compost addition, from 0.9 
mg/g in the control to 2.6 mg/g in the 60% compost treatment. Tissue Mg of both plants also 
increased with the compost addition; for both basil and chard, more Mg was found in the 60% 
compost treatment and less in the control plants. No differences were found in tissue Mg 
between basil and chard. Compost application increased HN03 extractable P in the growth 
medium from 0.8 mg/g in the control to 3.1 mg/g in the 60% compost treatment. Tissue P of 
basil and chard was similar for all treatments. Basil had higher tissue P than chard. Increased 
rates of compost application increased HN03 extractable Na in the growth medium by nearly 3 
times relative to the control, from 0.3 mg/g up to 0.8 mg/g in the 60% compost treatment. 
However, for both basil and chard, tissue Na was higher in the control and lower in the 60% 
compost treatments. Chard accumulated more Na than basil. 
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Table 5.3. Total (HN03 extractable) mineral composition of soils and plant tissue of macro and 
microelements as a function of the rate of compost application and plant species. 
Element Measure Contr 
Basil 
20% 40% 60% Contr 
Swiss chard 
20% 40% 60% 
Ca Soil cone 0.4d 1.4d 4.0c 12.1a 0.3d 1.3d 5.1c 10.5b 
Plant cone 16.2a 14.lab 13.6ab 8.4bc 4.8c 11.0b 7.9bc 5.3c 
K Soil cone 1.6e 2.0d 2.3c 3.9a 1.6e 1.8de 2.5c 3.1b 
Plant cone 49.2c 63.6c 53.0c 87.2b 62.7c 86.4b 89.1b 110.2a 
Mg Soil cone 0.9e 1.2d 1.6c 2.8a 0.9e 1.3d 1.7c 2.4b 
Plant cone 2.5c 3.4bc 3.1bc 3.6b 1.3d 4.3ab 4.8a 
P Soil cone 0.8e 1.3d 1.8c 3.3a 0.9e 1.2d 2.0c 2.9b 
Plant cone 4.5a 4. lab 3.7b 4.6a 3.6b 4.0ab 3.7b 3.3b 
S Soil cone 0.5f 0.8e l.Od 2.2a 0.5f 0.8de 1.3c 1.8b 
Plant cone 6.3a 2.0b 6.0ab 4.3ab 4.9ab 4.6ab 3.3b 1.9b 
Fe Soil cone 17. lab 17.8ab 19.4a 15.7b 17.8ab 19.0a 17.7ab 15.2b 
Plant cone 0.6c 0.8a 0.4d 0.7b O.le O.le 0.2e O.le 
Na Soil cone 0.3f 0.4e 0.5d 0.9a 0.3f 0.4e 0.6c 0.7b 
Plant cone 3.2d 8.5c 1.4d 0.9e 18.8a 18.5ab 16.3ab 14.0b 
B Soil cone 1.5e 2.1de 2.8d 7.2a 1.3e 2.2de 3.9c 6.4b 
Plant cone 32.9b 28.4b 28.8b 38.7ab 31.7b 36.8b 46.1a 33.2b 
Cd Soil cone 1.4ab 1.4ab 1.5ab 1.0b 1.5ab 1.7a 1.4ab 1.2b 
Co Soil cone 5.1a 5.2a 5.8a 4.7a 5.0a 5.5a 5.2a 5.2a 
Plant cone l.lab 0.9b 0.9b 1.2a 0.5c 0.4c 0.4c 0.3c 
Cr Soil cone 10.9ab 10.3ab 10.8ab 10.7 lO.Oab 11.9a 10.3ab 9.2b 
Plant cone 10.9a 10.3a 11.0a 10.4a 10.0a 11.2a 10.4a 10.0a 
Mo Soil cone 10.2a 10.3a 10.3a 9.4a 9.8a 9.7a 10.7a 9.9a 
Plant cone 1.4ab 2.2a 1.4ab 2.0ab 1.2b 1.0b 1.6ab 1.8ab 
Ni Soil cone 3.8b 3.8b 4. lab 4.4a 3.6b 3.9ab 4.0ab 4.2ab 
Plant cone 0.9a 0.9a 1.1a 0.8a 0.3b 0.4b 0.2b 0.3b 
Pb Soil cone 3.6b 4.0b 6.0ab 8.4a 3.6b 5.2ab 4.6ab 8.0a 
’Values with the same letter within an element and index are not significantly different at p 0.05. 
Ca, K, Mg, P, S, and Fe, are in mg/g, while the concentration of other elements is in mg/kg. 
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Boron in the growth medium was increased from 1.4 mg/kg in the control to 6.8 mg/kg in 
the 60% compost treatment. Treatments did not have an effect on tissue B of basil, however, for 
chard, higher tissue B was found in the 40%compost and lower in the other treatments. The 
Table 5.4. Fractionation of Cu, Mn and Zn in the soils and their concentrations in plant tissue. 
Metal Species Treatment 
(% compost in the 
growth medium) Exch Carb 
Soil Fractions 
FeMnOX OM HN03 
Tissue 
Cu Basil 0 (Control) 1.4d 1.8c 1.4d 3.8e 9d 22b 
20 4.3c 1.8c 17.8c 40.2d 101c 26b 
40 9.8b 27.4b 50.7b 183.4b 157b 46a 
60 12.3a 47.5a 78.9a 228.6a 530a 28b 
Chard 0 (Control) 1.3d 1.8c 1.4d 3.6e 8d 9c 
20 3.9c 2.1c 16.5c 55.8c 103c 21b 
40 9.1b 26.7b 41.8b 148.5b 185b 38a 
60 11.6ab 42.9a 87.3a 200.1a 491a 19c 
Mn Basil 0 (Control) 27.9ab 16.2d 66.3d 12.3b 192c 131c 
20 29.3ab 25.1c 79.6c 10.6b 229c 180b 
40 34.5a 84.6b 190.5a 30.0a 278b 147bc 
60 27.2 108.7a 192.7a 26.1a 380a 137c 
Chard 0 (Control) 28.5ab 17.4d 71.7cd 13.2b 205c 174bc 
20 31.4a 27.3c 85.8c 13.6b 237bc 273a 
40 31.8a 71.7b 160.8b 24.7a 276b 180b 
60 25.1b 115.0a 190.4a 29.4a 347a 167bc 
Zn Basil 0 (Control) 5.1a 2.6d 7.4d 4.5b 25c 50bc 
20 6.0a 7.1c 13.2c 5.8b 36c 54b 
40 5.1a 25.2b 44.5ab 12.5a 49b 43c 
60 4.1a 31.1a 49.2a 14.3a 88a 67a 
Chard 0 (Control) 4.8a 2.6d 8.4d 4.3b 25c 35cd 
20 6.1a 7.8c 14.7c 6.4b 36c 28d 
40 4.9a 21.0b 36.9b 11.3a 52b 28d 
60 3.7a 33.8a 52.3a 15.3a 78a 24e 
1 Means with the same letter within a fraction are not significantly different at p 0.05. 
application of the compost tends to decrease growth medium HNO3 extractable Cd. For both 
basil and chard, tissue Cd was under 0.125 mg/kg. Compost application did not induce changes 
in HNO3 extractable Co, Cr, Mo, and Ni in the growth medium or in plants. Tissue Cr, Mo, and 
Ni content were not different between the two plant species. Higher tissue Co was found in basil 
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than in chard. Nitric acid extractable Pb in the growth medium was higher in the 60% compost 
treatment and lower in the control. Compost application did not change growth medium Se. For 
both plants, tissue Pb and Se were below 1.25 and 0.06 mg/kg, respectively. 
Addition of high Cu compost altered most of the constituents of basil oil (Appendix C). 
However, no clear trend could be established. Copper, Cd, Pb, and Zn concentrations in the 
essential oil were below 0.25, 0.06, 0.63, and 0.25 mg/L, respectively. 
Discussion 
The suppressive effect of the high Cu compost on seed germination might have been due 
to other elements and compounds, as the compost was immature, with visible incomplete 
degradation of some of the feedstocks. The controversy surrounding he seed germination test as 
an evaluation for compost maturity was discussed in Warman (1999), who observed that the 
commonly used compost extract test and the compost - soil germination and growth tests were 
not sensitive enough to detect differences between mature and immature composts. 
The tendency to increase the pH and EC of the growth medium with an increased 
addition of compost is logical, since the compost had higher pH and EC than the soil used in the 
experiment. The final pH of the compost depends on the feedstock, (Gagnon et al., 1999). 
The effect of compost applications on the development of basil might be due to the better 
micronutrient supplements and improved physical and biological properties of the growth 
medium in the 20% and 40% compost treatments relative to the control. Presumably, in the 60% 
treatment the concentration of Cu reached toxic range for this element in the soil, which is around 
150 mg/kg (Kabata-Pendias and Pendias, 1991) and consequently suppressed both plant growth 
and development. In the present experiment, while the HN03 extractable Cu in the 40% compost 
treatment was 171 mg/kg, in the 60% compost treatment the HN03 extractable Cu was above 500 
mg/kg. The yield increase in the compost treatments were probably not due to NPK as the plants 
from all treatments received equal amount of readily available forms of these elements. Yield 
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increases might have been due to improved soil biological and physical properties, increased 
micronutrient content in the compost, and increased pH. A yield increase as a result of compost 
application has been reported in other studies (Murillo et al., 1995; Rodd et al., 2000a,b; 
Sebastiao et al, 2000; Sikora et al., 1980; Traulsen and Schonhard, 1987; Warman et al., 1995). 
Basil yield in the 60% compost treatment might have been affected by the very high total Cu in 
the growth medium, as Cu toxicity has been well documented (Baker and Senft, 1995; Handreck, 
1994b; Dhillon et al., 1983; Kabata-Pendias and Pendias, 1991); moreover, research has shown 
great differences between plant species in their ability to tolerate Cu (Handreck, 1994b). 
Although HNO3 extractable and EXCH Cu in the 60% compost treatment growth medium 
increased, Swiss chard growth and yields were not affected. This might be due to relatively 
higher tolerance of chard to heavy metals and/or to increased Ca and Mg in the medium, which 
have been shown to alleviate Cu rhizotoxicity (Parker et al., 1998). 
In experiments with Cu spiked garden compost, Handreck (1994 b) reported a 10% 
reduced growth of Swiss chard when the total Cu in the medium reached 750 (for pH 4.5) and 
1,200 mg/kg (for pH 5.5). The author found that a tissue Cu content below 90 mg/kg ensured at 
least 90% maximum yields. With decreasing soil pH, tissue Cu in Swiss chard and bean 
increased, while pH had little effect on Cu uptake by Agrostis capillaris, Festuca rubra, and 
Polycarpaea spirosrylis. Tissue Cu in Swiss chard and beans was very well correlated with the 
total soil Cu when pH was included in the regression. Handreck (1994 b) did not find changes in 
amounts of extractable Cu by DTPA, EDTA, or NH4OAc with a change of the medium pH from 
4.5 to 6.5. 
Tissue Cu did not correspond very well to any of the Cu fractions in the soil. For both 
basil and chard, tissue Cu in the 20% and 60% compost treatments was not different from the 
control. For both species, higher tissue Cu was found in the 40% compost treatments and lower 
in all other treatments. Tissue Cu in the 40% compost treatments was above the “critical Cu 
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concentration in plants” (Kabata-Pendias and Pendias, 1991). However, despite the highest tissue 
Cu, both plants in the 40% compost treatment exhibited higher yields compared to the control. 
The decrease in tissue Cu in the 60% treatment relative to the control might have been due to the 
suppressed plant development. Handreck (1994 a) in experiments with Swiss chard and bean, 
grown on soilless medium with addition of sewage sludge (10, 20, 30, and 40% by volume), 
reported that Cu in the shoots increased with increased rates of sludge and with decreased pH of 
the medium. The total Cu in amended medium reached 843 mg/kg, however, Cu in the chard 
tissue was below toxic levels. The author also found very high correlation (r>0.9) between total 
Cd, Cu, and Zn in the medium and DTPA and NFLiOAc extractable metals. Also, the author 
reported that no phytotoxicity symptoms were observed as long as the pH of the medium was 
maintained above 5.5. Results from the present experiment are in accordance with the above 
report. 
The addition of compost to the growth medium did not result in a significant variation of 
Mn EXCH fractions, however, all other Mn fractions were increased relative to the control. 
Tissue Mn did not fluctuate according to the growth medium Mn. For both plants, the highest 
tissue Mn was found in the 20% compost treatment. Research has shown that increased pH 
resulted in decreased Mn availability to plants (Sims and Kline, 1991). Thus, although compost 
addition resulted in increased CARB, FeMnOX, OM, and HNO3 extractable Mn fractions, higher 
pH and increased Cu and Zn in the growth medium were also observed. In the present 
experiment, growth medium pH and increased concentration of other competing ions might have 
influenced Mn accumulation in plants. 
Compost addition resulted in a significant increase of Zn in the HNO3, CARB, FeMnOX, 
and in OM fractions, but not in the EXCH fraction. Research has shown that CaCF extractable 
Zn in the medium decreased with increased pH of the medium (Handreck, 1994 b). In this study, 
medium total Zn was well correlated with tissue Zn. In the present experiment, how ever, the two 
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species reacted differently to increased total Zn in the growth medium. For basil, tissue Zn in the 
60% compost treatment was the highest, while for chard, tissue Zn in the 60% compost treatment 
was the lowest. 
The detected changes in the growth medium and tissue concentrations of other elements 
in basil and chard were not exceptions. Variations in the growth medium and tissue 
concentrations of other macro and micronutrients have been reported in almost every paper on the 
effect of compost on plants. 
Compost addition to agricultural soils has been shown to alleviate Cu phytotoxicity. For 
instance, in pot and field experiments, Traulsen and Schonhard (1987) found that compost 
application to Cu polluted soils increased the yields of maize, colza, and beans, prevented 
development of Fe chlorosis, and decreased Cu concentrations in plants. Research has 
demonstrated that compost addition to the growth medium does not necessarily result in a 
significant increase of plant Cu content (Cancet et al., 1997; Moreno et al., 1996; Moreno et al., 
1997; Murillo et al., 1995; Pinamonti et al., 1997; Sims, 1990; Warman et al., 1995; Warman and 
Havard, 1998). In addition, plant species showed different responses to Cu and other heavy 
metals (Sims and Kline, 1991; Warman, 1998; Rodd et al., 2000). Some authors even reported a 
decrease in tissue Cu as a result of compost application (Roe et al., 1997). However, other 
authors have reported increased levels of bioavailable Cu in soils and increased Cu content in 
plant tissue as a result of compost application (Alvarez et al., 1993; Costa et al., 1994; Fritz and 
Venter, 1988; Karam et al., 1998; Murillo et al., 1989; Murillo et al., 1997; Ozores-Hampton et 
al., 1997; Petruzzelli et al., 1989; Pitchtel and Anderson, 1997; Purves and Mackenzie, 1973; 
Wong and Chu, 1985; Wong et al., 1996). 
Plant uptake of Cu depends on other factors as well, such as compost maturity. For 
instance, Garcia et al. (1990) reported that Cu and other metals became more insoluble with an 
increase of compost maturity. In a study of the adsorption of heavy metals in composts, Chang 
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and Chen (1995) found that with the increase of compost maturity compost capacity to absorb 
metals had also increased. 
The variation in the essential oil constituents might be due to many factors associated 
with the compost application. It is difficult to speculate on whether high Cu in the compost, 
changes in the concentrations of other elements, OM, pH, or EC might be responsible for the 
above alteration in oil composition. The important finding is that even at very high total and 
available Cu in the growth medium, Cu concentration in the essential oil was below 0.25 mg/L. 
The results from the present experiment show that application of high rates of relatively immature 
high Cu compost may not increase Cu concentration in plants and in plant oils. 
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CHAPTER 6 
SOURCE SEPARATED MUNICIPAL SOLID WASTE (SS-MSW) COMPOST APPLICATION 
TO SWISS CHARD AND BASIL 
Abstract 
A growth room experiment was conducted to evaluate the bioavailability of essential and 
trace elements from a sandy loam soil amended with a source separated municipal solid waste 
(SS-MSW) compost. Basil (Ocimum basilicum L.) cv. Italian Broad Leaf and Swiss chard {Beta 
vulgaris L.) cv. Fordhook Giant were grown for 10 weeks at the following treatments: control soil 
(0% compost), 20, 40, and 60% SS-MSW compost to soil mixture by volume. The control and 
the compost-amended soils were sequentially extracted to fractionate Cu, Mn, and Zn into 
exchangeable (EXCH), carbonate bound (CARB), iron and manganese oxides bound (FeMnOX), 
and organic matter bound (OM) forms. In addition, soils and plants were analyzed for elemental 
contents of Ca, Fe, K, Mg, P, S, As, B, Cd, Co, Cr, Cu, Hg, Mo, Mn, Na, Ni, Pb, Se, and Zn, 
following concentrated HN03 digestion. Overall, the proportion of Cu, Mn, and Zn in different 
fractions was in sequence: OM » CARB = FeMnOX > EXCH for Cu, FeMnOX » CARB > 
OM > EXCH for Mn, and FeMnOX » CARB = OM » EXCH for Zn. SS-MSW compost 
application increased soil pH and EC, increased the concentration of Cu, Mn, and Zn in all 
fractions (including EXCH Cu and Zn), but slightly decreased EXCH Mn. Tissue concentrations 
of Cu, Mn, and Zn were positively correlated with their soil EXCH fractions. Increasing the rate 
of SS-MSW compost application to the soil resulted in an increase of HN03-extractable soil Ca, 
K, Mg, P, S, Cu, Zn, B, Cr, Na, Ni, Pb, and Hg, and a decrease of soil Fe and As in the 60% 
compost treatment. No clear trend was observed in soil Cd, Co, Mo, and Se as a result of SS- 
MSW compost addition to the soil. Addition of SS-MSW compost to the soil resulted in 
increased tissue Na, Cu, Zn, and Mg, in both crops, increased B, K, and Mo in chard, reduced 
tissue Ca and Mn in both crops, and reduced B and Fe in basil. Phosphorus in basil tissue was 
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higher in the control, 40% and 60% compost treatments and was lower in the 20% compost 
treatment, whereas tissue P in chard was highest in the 20% compost treatment. Tissue S in 
Swiss chard was the highest in the 20% compost treatment, while tissue S in basil was the highest 
in the control. No differences in tissue As, Hg, and Se between the treatments were found. 
Cadmium, Co, Cr, Ni, and Pb levels in the tissue from all treatments were below 0.12, 1.25, 1.25, 
1.25 and 1.25 mg/kg, respectively. The excessive amount of Na found in Swiss chard from the 
60% compost treatment might be an indication of a salt exclusion mechanism from the leaves, 
that might become active at very high Na concentration in the soil. Yields of dry matter from 
basil were highest in the 20% compost treatment while yields from Swiss chard were higher in all 
compost-amended soils relative to the control. Basil in the 20% and 40% compost treatments 
reached flower formation earlier than plants in the control or in the 60% compost treatments. 
Various treatments resulted in changes in the chemical composition of basil oil, however, without 
clear trends. The concentrations of Cu, Cd, Pb, and Zn in the essential oils of basil from all 
treatments were below 0.25, 0.06, 0.62 and 0.25 mg/L, respectively. 
Introduction 
Recently, in a number of countries there has been an increased production of and interest 
in a new product: source-separated municipal solid waste (SS-MSW) compost. Research has 
shown that SS-MSW composts generally have lower concentrations of heavy metals and toxic 
elements than other industrial composts that were not source separated (Deportes et al., 1995; 
Epstein, 1997; Richard and Woodbury, 1992). This suggests that SS-MSW compost may be 
safely used as a soil amendment for agricultural soils. To protect the environment from heavy 
metal and toxic element inputs, many countries developed guidelines for maximum trace element 
concentrations in composts (Barth, 2000; Chaney and Ryan, 1993; McGrath et al., 1994; Tontti 
and Makela-Kurto, 2000). Canadian guidelines for compost quality regulate 11 trace elements: 
As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se, and Zn. For these elements, maximum permissible 
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concentrations were established for two quality sets: type A and type B composts, Table 6.1 
(CCME, 1996). The guidelines, however, are rather restrictive with respect to heavy metals and 
may not encourage the use of MSW composts on agricultural land. The Canadian guidelines 
were established by using the “no-net degradation” approach and are based on total amounts of 
metals and other toxic elements in the compost. This is contrary to research showing that 
compost application to agricultural soils does not always lead to an increase in bioavailable forms 
of the elements of concern. In addition, analysis of composts and compost-amended soils for 
bioavailable forms of heavy metals should be correlated to the actual uptake by plants. Research 
has demonstrated that the addition of compost to agricultural soils may not, in all cases, increase 
the phytoavailability of trace elements. For example, field experiments by Drozd et al. (1999) 
showed that the application of 30, 60, or 120 t/ha MSW compost did not increase Cu and Pb 
content in lettuce, despite the relatively high concentration of these elements in the applied 
compost (171 mg/kg Cu and 530 mg/kg Pb). According to the same authors, the results were due 
to the fact that these two metals were in non available forms. Tisdell and Breslin (1995) showed 
that only small portions of the total concentration of metals and trace elements in the MSW 
composts (exceeding U.S. regulatory limits) were leachable and thus bioavailable for plants. 
Sequential extraction of metals from compost and biosolid amended soils 
According to Pare et al. (1999) three main forms of heavy metals are added to the soil 
with the use of MSW composts and sewage sludges: (1) extractable and exchangeable, (2) 
potentially extractable and exchangeable, and (3) non extractable and non exchangeable. 
Sequential extractions are helpful in separating different geochemical fractions in the soil, and 
they can be used to determine the relative availability and/or solubility of heavy metals, after 
organic amendment applications (Sloan et al., 1997). To estimate the bioavailability of heavy 
metals in soils, a number of authors have used a single extraction with a mild neutral salt or a 
strong chelating agent (Beckett, 1989; Lake et al., 1984; Pinamonti et al., 1997; Warman et al., 
105 
1995). To fractionate heavy metals from organic amendments, sequential extraction is thought to 
be a suitable procedure (Basta and Sloan, 1999; Cancet et al., 1997; McGrath and Cegarra, 1992; 
Pitchel and Anderson, 1997; Luo and Christie, 1998; Planquart et al., 1999; Sims and Kline, 
1991; Pare et al., 1999). Some of these authors used methods based on the sequential extraction 
procedure published by Tessier et al. (1979) and by Sposito et al., (1982). Although better than 
single extractions for determining metal fractions and distribution, sequential extractions do not 
give an exact idea of the soil solution under natural conditions. The reason is that sequential 
extractions are performed at different pH values, and at various concentrations of competing ions 
(Bunzl et al., 1999). The aims of this study were threefold: (1) to evaluate the effect of various 
rates of SS-MSW compost application to the growth, productivity, and content of essential and 
trace elements in two crop plants, namely Swiss chard and basil; (2) to assess the effect of MSW 
compost on basil essential oil quality and metal transfer in the oils; and (3) to fractionate Cu, Mn, 
and Zn in the control and in SS-MSW amended soils and relate their forms to plant 
concentrations and uptake. To meet the latter objective, I used the sequential extraction 
procedure of Luo and Christie (1998). This particular procedure seems to fractionate Cu and Zn 
very well, and it has been used for fractionation of these metals in similar soils. Copper and Zn 
are major elements of concern in the MSW composts. 
Materials and methods 
Plant and growth conditions 
A container experiment was conducted in an Econair Plant Growth Room (model GR- 
192) at the Nova Scotia Agricultural College. The plant experimental material was Swiss chard 
{Beta vulgaris ssp. cicla cv. Fordhook Giant) and basil {Ocimum basilicum L. cv. Italian Broad 
Leaf). Swiss chard seeds were purchased from Coupar’s Nursery, Truro, Nova Scotia, while basil 
seeds were purchased from Johnny’s Selected Seeds, Albion, ME. Plants were started as seeds, 
9-12 seeds were placed in every container, and after emergence the number of plants was reduced 
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to 3-5 per container. After a week plants were further reduced to 3 per container. Plants were 
grown for 10 weeks with 14 h days and 10 h nights, with a day temperature of 25° C and night 18° 
C. Plants were irrigated once every 24 h with an automatic watering drip emitters type system. 
Plastic trays were placed under each container and the lechate collected. Plants were fertilized 
every week with 300 mL of fertilizer solution (60 g of 20 : 20 : 20 NPK fertilizer dissolved in 10 
L of water). Both basil and Swiss chard were harvested at the same time, at the beginning of 
blossoming of basil, by cutting at 3-4 cm above the soil. Aboveground parts were placed in a 
dryer at 65° C for 3 days. Half of the basil plants from each treatment were air dried for 
extraction of the essential oil. 
The treatments consisted of 20%, 40% and 60% compost to soil by volume and a control 
(100% soil). The weight of the growth medium in each container was between 2780 and 3200 g, 
depending on the percentage of compost. The soil used was a Pugwash sandy loam (Humo-Ferric 
Podzol). Before the addition of compost, 400 g of quick lime was added to 100 kg of soil and 
thoroughly mixed in order to increase the soil pH. The SS-MSW compost was from the 
Lunenburg Regional Recycling and Composting Facility, Nova Scotia, which was prepared in 
1997, and matured and used in the subsequent years. At maturity, the compost had moisture 
content of 60-65%, 11.1% C, 1.16% N, C : N ratio 9.57: l,H2OpH 7.17 and 0.51 mmhos/cm2 
EC. The concentrations of the elements, regulated by the CCME (1996) guidelines are shown in 
Table 6.1. A seed phytotoxicity test to evaluate compost maturity was conducted by using cress 
and marigold seeds and the direct seed test (Warman, 1999). Control seed germination was 
performed in deionized water and in peat. To each petri dish, 15 cm of compost or peat were 
added, and the material was moistened to saturation by adding deionized water. Filter paper was 
used as a water holding medium in the water control petri dishes. Each treatment had 5 
replications, and in every petri dish 10 seeds were placed. Plants were left to grow for a week 
and their height recorded. 
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Table 6.1. Concentrations (mg/kg air-dried matter) of some trace elements in SS-MSW compost 
established by the author and the respective maximum permissible trace element concentrations 
in type AA and A and Type B composts in Canada, established by CCME (1996). 
Element SS-MSW98 This study Type A A &A Type B 
As 2.95 13 75 
Cd 3.10 3 20 
Co 12.06 34 150 
Cr 45.9 210 1060 
Cu 311.8 100 757 
Hg 0.6 0.8 5 
Mo 17.0 5 20 
Ni 21.4 62 180 
Pb 223.8 150 500 
Se 0.22 2 14 
Zn 767.8 500 1850 
Trace element analysis 
Plants were oven-dried at 60° C for 72 h following the harvest the mass of dry matter was 
recorded, and samples were ground with a Willey mill, and passed through a 1.0 mm screen. Soil 
samples were taken immediately after the harvest; half of each sample was air dried at 20° C, and 
the other half was oven dried at 60° C for 72 h, ground and passed through 2.0 mm screen. Both 
plants and soil samples were digested in concentrated nitric acid. 
Nitric acid digestion was conducted with 4 g of sub sample in a 250 mL digestion tube 
and 40 mL of concentrated nitric acid. The mixture was heated at 90° C for 45 min, after which 
the temperature was increased to 140°C and the sample was boiled for at least 8 h until a clear 
solution was obtained. More concentrated nitric acid was added to the sample (5 mL at least 
three times) and the digestion proceeded until the volume was reduced to about 1 mL. The sides 
of the tube were washed down with a small amount of deionized water and swirled throughout the 
digestion to keep the sides clean and to prevent sample loss. After cooling, 5 mL of 1% HN03 
was added to the sample. The sample was filtered through Whatman No. 42 filter paper and 
transferred to a 25 mL volumetric flask, and diluted to volume with deionized water. For the 
analysis of As, Hg, and Se, half of the NHCb-digested sample was transferred to a digestion tube 
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and boiled at 100° C until the sample was reduced to 5 mL. After that, 5 mL of 6 M HC1 was 
added, and the sample was left on the digestion block for another 18 minutes. The sample was 
then cooled to room temperature, quantitatively transferred to a 25 mL volumetric flask, and 
made up to volume with 6 M HC1. 
Sequential extraction 
Metal speciation was conducted with the procedure of Luo and Christie (1998), which is 
actually modified procedure of Tessier et al. (1979). The samples consisted of 2 g of air-dried 
and sieved soil or soil/compost mixture. All extraction steps were performed in 50 mL 
polypropylene centrifuge tubes with screw caps. The chemical fractions were operationally 
defined as followed: 
1. Exchangeable fraction of metals: 16 mL of 1M Mg(N03)2 at pH 7.0 was added to the samples. 
The samples were shaken for 1 h at room temperature and centrifuged at 3000 rpm for 10 min; 
the supernatant was filtered through No. 42 Whatman filter paper and stored at 4 °C for analysis. 
The weight of the sample and the tube was recorded. 
2. Carbonate bound fraction: 16 mL of 1 M CH3COONa adjusted to pH 5.0 with CH3COOH was 
added to each residue from step 1. The samples were shaken for 5 h at room temperature, 
centrifuged and filtered as in step 1, and afterwards the weight was recorded. 
3. Metals from reducible iron and manganese-bound fraction: 30 mL of 0.04 M NH2OHCl in 
25% (v/v) CH3COOH were added to sample residues from step 2. The tubes with screw caps 
were placed on a water bath at 96° C for 5 h and agitated occasionally. Then the tubes were 
centrifuged, filtered and weighted as indicated above. 
4. Organic matter bound metals: 6 mL of 0.02 M HN03 and 4 mL of 30% H202 v/v adjusted to 
pH 2.0 with HN03 were added to the sample residues from the previous step. The non-capped 
tubes, with samples, were placed in a water bath at 85° C for 45 min. After that, 4 mL of 30% 
H202 adjusted to pH 2 with HN03 was added to the samples, and the samples were placed in 
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water bath at 85° C for a further 45 min. This last step was repeated three more times for total 
period of 5 h. After cooling, 8 mL of 3.2 M CH3COONH4 in 20% (v/v) HN03 was added and the 
samples were diluted with deionized water to 30 mL. The samples were then shaken for 30 min, 
centrifuged, and filtered as indicated earlier. 
Samples were analyzed for HN03-extractable B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, 
Na, Ni, P, Pb, S, and Zn with a Thermo Jarrell Ash Corporation inductively coupled argon plasma 
spectrometer (ICAP model No. 61, with simultaneous vacuum spectrometer, argon gas, and fixed 
cross flow nebulizer) in the Soil and Feed Laboratory, Department of Agriculture and Forestry, 
Charlottetown, Prince Edward Ireland. Samples from the sequential extraction were analyzed 
using a Varian Spectra AA-20 atomic absorption spectrophotometer (AAS) available in the 
Department of Environmental Sciences, at the Nova Scotia Agricultural College, Truro, NS. 
Arsenic, Hg, and Se were analyzed with a Varian Vapor Generation Accessory, VGA-76 for a 
Varian Spectra AA-20 atomic absorption spectrophotometer; flame was used for As and Se, and 
the cold vapor technique was used for Hg. The wavelengths and detection limits for the ICAP 
analyzed elements were as follows: 
Element Wavelength (nm) Detection limit (mg/kg) 
B 2496.78 0.05 
Ca 3706.03 0.01 
Cd 2265.02 0.005 
Co 2286.16 0.05 
Cr 2677.16 0.05 
Cu 3247.54 0.02 
Fe 2599.0 0.1 
K 7664.91 0.05 
Mg 2790.79 0.02 
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Mn 2576.1 0.05 
Mo 2020.3 0.05 
Na 5889.95 0.1 
Ni 2316.04 0.05 
P 1782.87 0.02 
Pb 2203.53 0.05 
S 1820.4 0.3 
Zn 2138.56 0.02 
Wavelengths for VGA-AAS measured elements were as follows (in nm): As 193.7, Hg 
253.7, Se 196.0. The sodium borohydride solution and HC1 for As and Se were 0.6% NaBH4 in 
0.5% NaOH, 6M HC1 in the acid container, while for Hg 0.3% NaBH4 in 0.5% NaOH and 5 M 
HC1 were used. Data analysis was performed using two-way ANOVA with SAS (SAS, 1995). 
The basil oil content was established in dry herbage. Oil was extracted by 
hydrodistillation using a Clevenger-type apparatus. The GC system was a Varian 6500 with a 
flame ionization detector, nitrogen as the carrier gas, a flow rate of 12 mL/minute and fitted with 
a J&W Scientific DB-5 column (30 m x 0.53 pm, film thickness 0.5 pm). The injection sample 
was 1 pL. The column oven was temperature programmed as follows: 15 min at 50° C, 2°C/min 
increase to 60 °C, 10 min at 60 °C at, 2 min at 180°C at 10°C/min. 
Results 
The seed germination phytotoxicity test did not indicate any significant suppressing effect 
of the SS-MSW compost on seeds relative to the controls (Table 6.2). This is not surprising, as 
indicated earlier the compost used in the experiment was produced in 1997 and was maturing 
ever since. The increased height of plants in the peat and compost relative to the H2O control 
might have been due to differences in nutrient availability, so plant height could not be 
considered a reliable measure for compost maturity. Soil pH and electrical conductivity at 
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Table 6.2. Cress and marigold germination and height using direct seed test for compost maturity. 
Species Control H20 Control peat SS-MSW98 compost 
Germ. Height Germ. Height Germ. Height 
(%) (cm) (%) (cm) (%) (cm) 
Cress 80a* 1.41 82a 4.06 88a 4.08 
Marigold 100a 1.24 95a 2.85 98a 2.71 
* Values with the same letter within a species are not significantly different at p 0.05. 
harvest are shown in Table 6.3. Within a treatment, the soil pH at harvest in containers with basil 
was lower than the pH in containers with chard, indicating a plant effect on pH. Within plant 
Table 6.3. Soil pH and electrical conductivity (EC) at harvest. 
Species Treatment pH EC (milli mhos/cm ) 
Basil Control 5.33 4.1 
20% compost 6.03 4.1 
40% compost 6.38 5.5 
60% compost 6.56 5.5 
Swiss chard Control 5.99 3.4 
20% compost 6.20 4.1 
40% compost 6.53 5.5 
60% compost 6.61 6.0 
species, increased application of SS-MSW compost tends to increase medium pH, which was due 
to the higher pH of the compost relative to the soil. As a result, within both plant species pH of 
the control soil was lower than pH of the medium with compost addition. The final soil electrical 
conductivity may also have been influenced by the plant species and the compost application. 
Generally, with increased amount of compost application, EC tended to increase. 
The initiation of phenological phases in basil was affected by the treatments, as plants in 
the 20 and 40% compost treatments reached flower formation earlier than plants in the 60% 
compost treatment and in the control. Yields of fresh and dry matter and plant heights were also 
affected by the treatments (Table 6.4). Within basil, higher yields were obtained in the 20% 
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treatments, while yields in 40% and 60% compost treatments were not different from the control. 
Basil plant height was correlated positively to the yield variations; taller plants were obtained 
from the 20% compost treatment, while the plants in other treatments had similar height to the 
control plants. Application of 20, 40, and 60% compost to the soil increased Swiss chard yields 
relative to the control (Table 6.4). The tallest Swiss chard were obtained from the 40% compost 
treatment and the shortest plants were obtained from the control (0% compost). 
Table 6.4. Plant yields (DW g/pot) and height (cm) of basil and Swiss chard as a function of the 
rate of compost application to the soil. 
Species Index 
Treatment (% compost to soil by volume) 
Control (0) 20 40 60 
Basil Yield 27.0b* 48.6a 30.6b 24.6b 
Height 35b 47a 39.ab 37.b 
Chard Yield 67.7b 94.3a 95.5a 99.7a 
Height 36b 40ab 44a 42ab 
* Means with the same letter within a species are not significantly different at p 0.05. 
The mineral composition of soils and plant tissue as well as plant uptake as a function of 
the rate of compost application and plant species are shown in Table 6.5. Growth medium with 
added SS-MSW compost had higher Ca concentrations relative to the control soil. With an 
increase of the rate of compost application, the Ca concentration in the growth medium tended to 
increase and the highest soil Ca concentration was found in the 60% compost treatment. Plant 
tissue Ca was negatively correlated with soil Ca. Within both plant species, the highest 
concentration of Ca in the tissue was measured in the control plants, and the lowest tissue Ca was 
found in the 60% compost treatment. With increasing rates of compost application, tissue Ca of 
both plants decreased. Within a treatment, more Ca was accumulated by basil and less by Swiss 
chard. However, because of the higher biomass production, Swiss chard removed more Ca from 
the soil than did basil. 
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Soil Fe concentrations in the various treatments were similar, with the exception of the 
control soil of chard where Fe was higher than in the 60% compost treatment. Basil accumulated 
more Fe in the control, while the highest tissue Fe in Swiss chard was detected in the control and 
in the 60% compost treatments. Generally, more Fe was accumulated by basil and less by Swiss 
chard. With the addition of SS-MSW compost to the soil plant uptake of Fe by basil decreased 
while plant uptake of Fe by chard increased. 
Soil K was also increased with the addition of compost, and the highest soil K was found 
in the 60% compost treatment. Plant K was not correlated well with the soil K; basil tissue K 
concentrations were lower in the 20% treatment and higher in the control and in the 40% compost 
treatments. Tissue K in chard was lower in the control and higher in the other treatments. 
Because of the higher yields, Swiss chard removed more K from the soil than did basil. Soil Mg 
was increased with the application of compost, resulting in nearly twice as high Mg 
concentrations in the 60% compost treatments relative to the control. Tissue Mg of both plant 
species was positively related to the variation in soil Mg. Both basil and Swiss chard tissue Mg 
concentrations were highest in the 60% compost treatments and lowest in the control. Within 
treatments, Swiss chard accumulated more Mg than basil; Swiss chard also removed twice as 
much Mg with the harvestable parts compared to basil. 
Compost addition to the soil resulted in significant P increases; in the 60% compost 
treatment soil P reached six times the soil P of the control. Tissue P was not correlated with soil 
P. Tissue P in basil was higher in the control and lower in the 20% compost treatment; in Swiss 
chard, tissue P was higher in the 20% compost treatment and lower in the other treatments. The 
highest uptake of P from both plant species occurred with the 20% compost treatment. Swiss 
chard removed more P from the soil than did basil. 
Soil S in the 60% compost treatment was five times higher than soil S of the control soil. 
Plant tissue S did not correlate well with soil S; the highest tissue S in basil was found in the 
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Table 6.5. Total (HN03 extractable) mineral composition of soils and plant tissue, and plant 
uptake of macro- and microelements as a function of the rate of compost application and plant 
species. 
Element Measure 
Control 
Basil 
20% 40% 60% Control 
Swiss chard 
20% 40% 60% 
Ca Soil cone 0.2e‘ 2.7d 5.1c 12.3a 0.8e 2.8d 6.4b 12.6a 
Plant cone 15.2a 12.2b 10.4c 0.8d 12.6b 7.9d 5.8e 4.If 
Plant uptake 0.4 0.6 0.3 0.2 0.8 0.7 0.5 0.4 
Fe Soil cone 14.2ab 13.8b 14.4ab 12.9b 14.8a 14.3ab 14.lab 13.4b 
Plant cone 0.1a 0.06b 0.07c 0.05c 0.03d 0.02e 0.03de 0.03d 
Plant uptake 2.8 2.9 2.1 1.3 1.9 1.7 2.4 3.3 
K Soil cone 1.2e 1.6d 2.3b 3.1a 0.8f 1.2e 2.1c 3.1a 
Plant cone 41.6c 36.3d 43.8c 41.7cd 53.7b 61.9a 61.7a 60.3a 
Plant uptake 1.1 1.8 1.3 1.0 3.6 5.8 5.9 6.0 
Mg Soil cone 0.8d 1.0c 1.2b 1.6a 0.9cd 1.0c 1.3b 1.7a 
Plant cone 0.9g 1.5f 1.7e 1.8de 2.0d 3.2c 3.7b 4.3a 
Plant uptake 0.02 0.07 0.05 0.04 0.1 0.3 0.4 0.4 
P Soil cone 0.5d 1.1c 1.1c 3.1a 0.5d 1.0c 1.6b 3.2a 
Plant cone 4.3b 3.7c 3.9bc 3.9bc 4.2bc 4.9a 4.1bc 3.7c 
Plant uptake 0.1 0.2 0.1 0.1 0.3 0.5 0.4 0.4 
S Soil cone 0.2d 0.3c 0.5b 1.0a 0.2d 0.4c 0.6b 1.0a 
Plant cone 1.8b 1.6c 1.7bc 1.6c 1.7c 1.9a 1.7bc 1.7bc 
Plant uptake 0.05 0.08 0.05 0.04 0.1 0.2 0.2 0.2 
Na Soil cone 0.2d 0.3c 0.5b 0.9a O.ld 0.2cd 0.5b 0.9a 
Plant cone 0.7e 1.4e 1.3e 1.2e 12.9c 10.Od 16.7b 76.7a 
Plant uptake 0.02 0.07 0.04 0.03 0.9 0.9 1.6 7.6 
As Soil cone 0.3a 0.2ab 0.2ab 0.1b 0.3a 0.2ab 0.2ab 0.1b 
Plant cone 0.3a 0.2a 0.2a 0.2a 0.2a 0.2a 0.2a 0.2a 
Plant uptake pg 7.0 9.2 5.5 4.2 16.2 16.9 16.2 17.9 
B Soil cone 1.6e 3.3d 5.0c 9.7b 1.4e 3.0d 5.3c 10.3a 
Plant cone 23.9d 21.4e 21.8de 19.5e 26.0c 38.6a 29.2b 28.7b 
Plant uptake 0.6 1.0 0.7 0.5 1.8 3.6 2.8 2.9 
Cd Soil cone 0.6a 0.7a 0.8a 0.5a 0.8a 0.7a 0.7a 0.5a 
Co Soil cone 5.0a 5.2a 5.9a 5.8a 5.4a 5.5a 5.7a 5.5a 
Cr Soil cone 8.2d 9.9cd 11.7b 14.7a 9.Id 10.5c 11.6bc 14.8a 
(continued) 
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Table 6.5. (continued) 
Hg Soil cone 0.03b 0.1a 0.2a 0.4a 0.03b 0.1a 0.2a 0.4a 
Plant cone 0.09b 0.09b 0.07b 0.08b 0.18a 0.19a 0.16a 0.19a 
Plant uptake 2.4 4.4 2.1 1.9 12.2 17.9 15.3 18.9 
Mo Soil cone 8.0a 7.4a 8.1a 8.1a 7.5a 7.8a 8.2a 8.3a 
Plant cone 0.4de 0.5de 0.3e 0.3e 0.6d 1.6a 0.9c 1.3b 
Plant uptake 11.3 24.3 8.9 7.6 39.9 150.9 87.9 126.6 
Ni Soil cone 4.1c 5.1c 6.0b 8.0a 4.6c 8.5a 6.0b 5.2b 
Pb Soil cone 4.2d 14.7c 25.7b 50.6a 5.0d 16.1c 25.1b 50.7a 
Se Soil cone 0.22a 0.22a 0.18a 0.18a 0.22a 0.19a 0.24a 0.18a 
Plant cone 0.02a 0.01a 0.01a 0.01a 0.02a 0.01a 0.01a 0.01a 
Plant uptake 0.5 0.5 0.3 0.2 1.4 0.9 1.0 1.0 
'Values with the same letter within an element and index are not significantly different at p 0.05. 
Soil and tissue concentrations of Ca, Fe, K, Mg, P, S, and Na are in mg/g, while the concentrations of other 
elements are in mg/kg. 
Plant uptake values (removal with the harvestable parts) of Ca, Fe, K, Mg, P, S, and Na is in g/pot, plant 
uptake of B is in mg/pot, and plant uptakes of As, Hg, Mo, and Se are in pg/pot. 
control, while the highest tissue S in Swiss chard was detected in the 20% compost treatment. 
Removal of S with the harvestable parts of both species was the highest in the 20% compost 
treatments. Again, more S was removed by Swiss chard than by basil. 
With increasing rates of compost application soil Na increased. Tissue Na corresponded 
well to soil Na, with the lowest tissue Na concentrations being found in the control and the 
highest tissue Na being measured in plants from the 60% compost treatment. Swiss chard 
accumulated more Na than did basil, especially in the 60% compost treatment, where tissue Na in 
chard reached 76,750 mg/kg. Because of the higher yields and higher tissue Na, Swiss chard 
removed more Na than did basil. 
Owing to the low concentrations and high variability of the results, soil and tissue As did 
not show a clear variation trend as a result of different rates of compost application. 
Nevertheless, although As in the soil and soil/compost medium was measurable and varied 
between 0.1 and 0.3 mg/kg, tissue As in most cases was below 0.02 mg/kg. The addition of SS- 
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MSW compost to the soil increased HN03-extractable B, from 1.5 mg/kg in the control up to 10.3 
mg/kg in the 60% compost treatment. However, tissue B did not positively correlate with soil B; 
the highest tissue B in basil was found in the control, while the highest tissue B in Swiss chard 
was found in the 20% compost treatment and the lowest in the control. 
We did not find significant differences among the treatments in soil Cd, one of the 
elements of concern in the industrial composts. Addition of this particular SS-MSW compost to 
the soil did not result in excessive soil Cd, and tissue Cd in plants from all treatments was below 
0.125 mg/kg. Cobalt concentrations of the medium did not change as a result of compost 
application. Tissue Co in plants from all treatments was below 0.25 mg/kg. Compost addition 
increased Cr in the soil from 8-9 mg/kg in the control to 14.5 - 15 mg/kg in the 60% compost 
treatments. Tissue Cr in all treatments was below 1.25 mg/kg. Compost addition increased soil 
Hg from around 0.03 mg/kg in the control to 0.4 mg/kg in the 60% compost treatment. That 
increase, however, did not result in proportional increases of tissue Hg. Tissue Hg in basil 
remained around 0.07 to 0.09 mg/kg, while tissue Hg in Swiss chard varied between 0.1 and 0.2 
mg/kg, with no significant differences among the treatments. Comparatively, more Hg was 
accumulated and removed by Swiss chard than by basil. Molybdenum in soils in different 
treatments varied between 7.4 and 8.3 mg/kg, without significant differences, whereas Mo in 
plants varied between 0.3 and 0.5 mg/kg for basil, and between 0.6 and 1.6 mg/kg for Swiss 
chard. In basil, no differences in plant Mo between the treatments were detected. In Swiss chard, 
however, tissue Mo was highest in the 20%, lower in the 60% and 40%, and lowest in the control. 
Swiss chard tends to accumulate and remove more Mo with the harvestable parts than basil. The 
addition of SS-MSW compost to the soil resulted in a slight but significant increase of soil Ni. 
Despite the increase of soil Ni, however, tissue Ni in all treatments was below 1.25 mg/kg. 
Owing to the relatively high Pb concentration in the compost, soil Pb in compost treatments 
increased up to 51 mg/kg in the 60% compost treatment, while soil Pb in the control was 4-5 
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mg/kg. Despite the increase in soil Pb, however, no Pb was detected in the tissue of basil and 
Swiss chard from any of the treatments. Selenium concentrations in the soils varied between 0.17 
and 0.24 mg/kg, whereas tissue Se varied between 0.013 and 0.02 mg/kg. 
Fractionation of Cu, Mn, and Zn 
Fractionation of Cu, Mn, and Zn as a function of plant species and treatment is shown in 
Table 6.6. Copper fractions in the unamended control soils were OM = Carb > EXCH = 
FeMnOX. With increasing rates of SS-MSW compost addition to the soil, the EXCH Cu fraction 
increased slightly but in the 20 and 40% compost treatments and then doubled in the 60% 
compost treatment, compared to the control. A similar slight but significant increase was 
detected in the CARB fraction as a result of increasing rates. Addition of compost also resulted 
in four times higher Cu in the FeMnOX fraction in the 60% compost treatment relative to the 
control. By far the biggest increase of Cu in any single fraction was observed in the OM Cu; the 
OM Cu in the 60% compost treatment reached 30 times higher values than OM Cu of the 
unamended soil. Nitric acid extractable Cu in the control soil was around 6-8 mg/kg, while in the 
60% compost treatment HN03 extractable Cu reached 85 - 95 mg/kg, or 10 times the Cu 
concentration in the control. Overall, the proportion of Cu in different fractions was in the 
following sequence: OM » Carb = FeMnOx = EXCH. Increased amounts of compost in the soil 
resulted in slight but statistically significant increases in tissue Cu of basil from the compost 
treatments, ranging from around 6.4 mg/kg in the control to 9.8 mg/kg in the 40% compost 
treatment. Tissue Cu in basil in the 20, 40, and 60% compost treatments was not different. 
Addition of 20% compost to the soil increased tissue Cu in chard nearly twice relative to the 
control, and further addition of 40 and 60% compost resulted in a slight decrease in tissue Cu, 
which was still significantly higher than in the control. Copper uptake of basil was the highest in 
the 20% compost and the lowest in the control and in the 60% compost treatments. Copper 
uptake by Swiss chard was the highest in the 20% compost treatment and the lowest in the 
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Table 6.6. Fractionation of Cu, Mn and Zn in the soils, metal concentrations (mg/kg) in plant 
tissue, and plant uptake. 
Metal Species Treatment 
(% compost 
in the medium) EXCH CARB 
Soil Fraction 
FeMnOX OM hno3 
Tissue Uptake 
mg/pot 
Cu Basil 0 (Control) 1.2e 1.6c 0.8e 1.7d 6.3d 6.4d 0.2 
20 1.5d 2.0b 1.2d 10.9c 22.8c 9.0b 0.4 
40 1.6c 2.1b 1.6c 18.8b 40.5b 9.8b 0.3 
60 2.4a 2.7a 3.2b 50.5a 87.9a 9.24b 0.2 
Chard 0 (Control) 1.3e 1.6c 0.9e 1.8d 8.6d 6.6d 0.5 
20 1.5e 2.0b 1.3cd 11.7c 24.2c 11.2a 1.1 
40 1.8b 2.1b 1.6c 20.6b 41.5 8.8cb 0.8 
60 2.4a 2.8a 3.5a 51.5a 93.4a 8.4c 0.8 
Mn Basil 0 (Control) 16.7ab 19.9d 130.7c 15.9c 181.le 80.9c 2.2 
20 17.5a 68.0c 149.9c 18.9c 250.8c 73.9cd 3.6 
40 14.1c 115.3b 219.2b 37.0b 359.9b 68.4d 2.1 
60 14.4c 178.7a 371.5a 129.8a 528.9a 63.7d 1.6 
Chard 0 (Control) 17. lab 18.5d 130.7c 16.1c 194.7e 100.3a 6.8 
20 16.4b 70.6c 132.8c 17.2c 261.7c 70.8d 6.7 
40 14.0c 110.1b 241.0b 35.9b 350.5b 88.4b 8.4 
60 14.7c 175.0a 381.4a 127.3a 550.5a 67.Od 6.7 
Zn Basil 0 (Control) 3.2c 1.7c 6.8c 3.3c 20. Id 20.3c 0.5 
20 3.8b 12.4b 36.9b 13.4bc 47.4c 19.4d 0.9 
40 3.7b 20.7b 63.1b 25.5b 83.6b 27.1c 0.8 
60 5.3a 96.4a 255.5a 80.4a 159.1a 39.1b 1.0 
Chard 0 (Control) 3.3c 1.8c 6.8c 4.4c 21.5d 22.8cd 1.5 
20 3.6b 12.6b 37.8b 11.8bc 52.8c 48.9a 4.6 
40 3.6b 21.4b 62.7b 21.3b 83.1b 37.5b 3.6 
60 5.17a 88.4a 233.0a 84.8a 162.2a 42.4b 4.2 
* Means with the same letter within a fraction are not significantly different at p 0.05. 
control. Overall, both plant species accumulated similar amounts of Cu; however, because of the 
higher yields, Cu uptake with the Swiss chard was much higher than Cu uptake of basil. 
Overall in all treatments the manganese fractionation sequence was FeMnOX » CARB 
> EXCH = OM. Addition of SS-MSW compost resulted in lower Mn in the EXCH fraction in the 
40 and 60% compost treatments and increased of Mn in the CARB, FeMnOX, and OM fractions 
in the 60% compost treatment by 10, 3, and 8 times, respectively, relative to the concentration of 
these fractions in the unamended soil (the control). Nitric acid-extractable Mn also increased 
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with compost addition, reaching a value of 550 mg/kg in the 60% compost treatment or nearly 
three times higher than the Mn concentration in the control soil. With the addition of SS-MSW 
compost, tissue Mn of both plants decreased. Both plants showed similar accumulation of Mn in 
their aboveground parts. Plant uptake of Mn by basil was the highest in the 20% compost 
treatment and lowest in the 60% compost treatment, while the same index for Swiss chard had the 
highest value in the 40% compost treatment. Overall, because of higher yields, Swiss chard 
removed higher amounts of Mn than did basil. 
Table 6.7. Regression coefficients for the relationships of metal content in plants and soils. 
Adjusted regression coefficient, R2 
Cu Mn Zn 
Basil Chard Basil Chard Basil Chard 
Tissue/EXCH 
Tissue/HN03 
28.3* 23 
24.4* 12 
48.3* 21 26.1* 34.1* 
56.5* 36.5* 22 1.5 
* Statistically significant at p 0.05. 
Zinc distribution in the control soil was in the following order: FeMnOX > OM = EXCH 
> CARB. Addition of 60% MSW compost increased EXCH Zn almost twice, CARB Zn 48 
times, FeMnOX Zn 34 times and OM Zn by 20 times relative to the respective fractions in the 
control soil. Overall, the distribution of Zn in different fractions was in the following sequence: 
FeMnOX » CARB = OM » EXCH. Nitric acid-extractable Zn of the control soil was around 
20 mg/kg while in the 60% compost treatment it reached 162 mg/kg, or eight times the HN03- 
extractable Zn in unamended soil. Tissue Zn of both basil and Swiss chard doubled in the 60% 
compost treatment relative to the control, with both plants accumulating similar amounts of this 
metal. However, Zn uptake by basil plants was much less than Zn uptake by chard, owing to 
differences in DM yields of the two species. 
Regression analysis of the data revealed that there were significant R2 coefficients for 
tissue and EXCH fractions of Cu and Mn in basil and Zn in both crops (Table 6.7). The EXCH 
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fraction explains very little of the variability in tissue Cu and Mn in Swiss chard. Nitric acid- 
extractable metals in soil explained a significant part of the variability in tissue Cu in basil and 
tissue Mn in both crops. 
Basil essential oil composition changed as a result of the treatments, but without a clear 
trend (Appendix D). Copper, Cd, Pb, and Zn in the oils were below 0.25, 0.06, 0.62 and 0.25 
mg/L, respectively. 
Discussion 
The seed germination test with cress did not indicate differences between treatments and 
further supports earlier reports for the lack of sensitivity of the cress test as indicated by Warman 
(1999). Compost addition to the soil increased soil pH. From a practical point of view, one of 
the possible benefits of the application of SS-MSW compost to the mostly acid soils in Nova 
Scotia would be a reduced need for lime, application of which is performed on a regular basis. 
Differences in the development of basil (namely, early initiation of flowering in the 20 and 40% 
compost treatments) may be due to the improved soil physical characteristics and availability of 
some micronutrients in the compost amended soils. On the other hand, basil in the 60% compost 
treatment may have experienced a “hidden toxicity” caused by the increased EXCH fractions of 
Cu and Zn, as well as elevated concentrations of other elements such as Pb, Ni, and Cr in the 
growth medium (Kabata-Pendias and Pendias, 1991). Obviously, 60% addition of SS-MSW 
compost to the soil was excessive and had a suppressing effect on basil plant development. Still 
the system was complicated, and one could not discriminate the exact limiting factors with 
respect to plant development. 
Increased of basil yields might be due to the improved soil physical and biological 
properties, which foster better root development and water characteristics, increase pH, and 
increase the availability of some micronutrients, compared to the control. Although seed 
germination tests did not indicate a phytotoxic effect of the compost, plant growth might have 
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been influenced by higher concentrations of Cu, Zn, other metals, and perhaps some phytotoxic 
substances in the compost. The results from this study suggest that basil could be considered the 
more sensitive of the two species in terms of a possible adverse impact of composts on plants. 
Although the particular SS-MSW compost studied had relatively high concentrations of 
Cd, Cu, Mo, Pb, and Zn (Table 6.1), a 20% compost application to the soil had a beneficial effect 
on the final yields of both basil and Swiss chard. In field experiments with barley and wheat and 
using similar SS-MSW compost, Rodd et al. (2000) also found that compost addition increased 
grain yields relative to the control. In a study similar to our container experiment, Warman et al. 
(1995) reported an increase in Swiss chard yields with increased addition of some composts to 
sandy loam soils. Other researchers also reported higher yields in compost-amended soils 
(Murillo et al., 1995; Sebastiao et al., 2000; Sicora et al., 1980). 
Increased rates of SS-MSW compost application to the soil resulted in significant 
increases of HN03 extractable soil Ca, K, Mg, P, S, Cu, Zn, B, Cr, Na, Ni, Pb, and Hg. In 
addition, compost application decreased soil Fe and As in the 60% compost treatment. No clear 
trend was observed in soil Cd, Co, Mo, and Se with the different treatments. Addition of SS- 
MSW compost to the soil resulted in increased tissue Na, Cu, Zn, and Mg in both crops, and in 
higher B, K, and Mo in chard. Compost application reduced tissue Ca and Mn in both crops, 
however, and reduced B and Fe in basil. Phosphorus in basil tissue was higher in the control, 40 
and 60% compost treatments and lower in the 20% compost treatment, while in chard tissue P 
was highest in the 20% compost treatment. Tissue S of basil was highest in the control, while 
tissue S of Swiss chard was highest in the 20% compost treatment. No significant differences in 
tissue As, Hg, and Se among the treatments were found. Cadmium, Co, Cr, Ni, and Pb in tissues 
from all treatments were below 0.125, 1.25, 1.25, 1.25, and 1.25 mg/kg, respectively. No element 
was found to be present at a deficient or toxic level in the tissue (Kabata-Pendias and Pendias, 
1991). 
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Swiss chard and other plant species from family Chenopodiaceae are known for 
accumulating high levels of Na in the tissue (Marschner, 1971). It was shown that if K were in 
inadequate supply, Na might increase yields, owing to the ability of Na ions to replace K ions as 
an osmotic mediator (Amin and Joham, 1968; Yoshida and Castaneda, 1969). The excessive 
amount of Na found in Swiss chard from the 60% compost treatment may also be an indication 
for a salt exclusion from the leaves, a mechanism which prevents excessive salt accumulation in 
the cells. And Swiss chard is probably conditionally natrophilic species, that is, it is able to 
translocate significant amounts of Na from roots to the shoots at elevated Na concentrations in the 
soils. 
>\ 
Although addition of SS-MSW compost increased the levels of bioavailable forms of Cu 
and Zn in the soil, and tissue Cu and Zn in both crops, these elements were within their normal 
range in plants and were below the values for their critical concentration in tissue (reviewed in 
Kabata-Pendias and Pendias, 1991). 
Cadmium, Co, Cr, Ni, and Pb in the tissue of both plant species from all treatments were 
below 0.125, 0.25, 1.25, 1.25, and 1.25 mg/kg, respectively, although the amount of Cd, Cu, Mo, 
Pb, and Zn in the SS-MSW exceeded regulatory limits for type AA and A compost (CCME, 
1996). For instance, although the addition of SS-MSW compost to the soil resulted in a 10-fold 
increase of HNCE-extractable Pb, no Pb was found in the tissue of either plants, indicating that Pb 
was present in non-available forms, thus confirming the findings of other authors (Drozd et al., 
1999; Kabata-Pendias and Pendias, 1991). Thus, the Canadian Guidelines for Maximum Trace 
Element Concentration in type AA and A compost may be overly conservative and may restrict 
the use of SS-MSW compost on agricultural land, even though plants may not accumulate 
significant amounts of the elements of environmental concern. Moreover, the Canadian 
guidelines are difficult to meet by the composting facilities. 
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One of the reasons for the lack of Cd accumulation in plants was probably the relatively 
high Zn content of our SS-MSW compost. Chaney and Ryan (1993) reported that Zn in the 
compost might reduce the bioavailability of Cd. In our experiment, increased accumulations of 
some metals in basil and chard grown on soils amended with SS-MSW, may have been 
influenced by increased salt concentrations in these treatments, reflected by the higher EC values 
(Bucher and Schenk, 1999). Bucher and Schenk, (1999) have shown that addition of KC1 and 
MgCl2 increased phytoavailability of Cd, Cu, Zn, and Mn. Nevertheless, in plant tissue from all 
the treatments, no element was found to be present at deficiency or toxicity levels for plants 
(reviewed in Kabata-Pendias and Pendias, 1991). 
The effects of SS-MSW compost addition to soils are greatly influenced by the 
feedstocks and composting process, that confer the final characteristics of the composts, including 
concentrations of heavy metals and toxic elements. Sebastiao et al. (2000), in field experiments 
on MSW application on sandy loam soils, did not find significant increases in heavy metal 
accumulation in potato tubers relative to the unamended control. After the second year of MSW 
compost application, a small increase of only 1 mg/kg in Cu and Zn was detected in potato tubers 
grown in sandy soils (pH 8.2). It should be noted, however, that in this particular experiment the 
compost rate was relatively low, namely, 15 t ha per year. 
Warman et al. (1995) in a container experiment with Swiss chard used MSW composts 
containing higher concentrations of some metals than in the compost used in the present 
experiment. Those authors found that compost addition resulted in increased soil Zn, Cd, Cu, 
Mo, As, Cr, Ni, and Pb, caused increased tissue Zn, Mo, Cr and Hg, but had no effect on tissue 
Cu, Co, Ni, and Pb. Murillo et al. (1995) in field experiments with ryegrass and low quality 
urban compost found that application of 48 t/ha did not increase tissue Cu, Ni, Pb, and Cd, 
although concentrations of metals in the compost were Cu 450, Ni 90, Pb 350, Mn 1300, and Zn 
2000 mg/kg. Tissue Mn in compost amended plots tended to decrease, whereas no significant Zn 
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increase was found despite the very large amounts of Mn and Zn in the compost. The authors 
concluded that mature urban compost even with low quality could be safely used as organic 
fertilizers. 
Sims and Kline (1991) reported that although the application of composted sewage 
sludge increased total soil Cd, Cu, Cr, Ni, Pb, and Zn, the increase was in the OM, inorganic 
fractions, and residual fractions, which are least available to plants, and there was less of an 
increase in the available fractions. Sims and Kline (1991) also reported decreases of wheat yields 
and a slight increase of soybean yields in amended plots. However, the negative effect of that 
particular material on plant yields may have been due to a very high C : N ratio (52 : 1), which is 
not found in mature composts, and such C:N ratios may cause reduced N availability. 
In a concise review of trace metal movement in the soil - plant system from biosolid- 
amended soils, Chaney (1994) concluded that if the biosolids were subjected to proper treatment, 
then heavy metals and toxic elements cannot cause adverse effects on humans, livestock, and 
plants when <1000 Mg ha is applied. Chaney (1994) also pointed out that there are many natural 
factors limiting metal uptake by plants, and only Hg in its methylated form could be 
biomagnified. 
Results from a 20-year study on biosolids application to agricultural land has shown that 
with time, biosolid - borne metals changed into more stable chemical forms in soils (Dowdy et al., 
1991; Sloan et al., 1997). In addition, it was shown that sludge - borne heavy metals did not 
contaminate soil water; Cd, Cr, Cu, and Zn migrated only to 0.15 to 0.30 m below the zone of 
incorporation, and com stover and grain did not accumulate sludge - borne Cd, Cr, Cu, Ni or Pb 
over 17 years with continuous com cropping and annual sludge application (Dowdy et al., 1994). 
As indicated earlier, SS-MSW composts are much safer than uncomposted biosolids 
(municipal sewage sludge). Thus, SS-MSW compost that meets the regulatory limits for type A 
may be safely used as a soil amendment for agricultural soils. Such composts would increase the 
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soil pH of acid soils, would have positive effects on plant growth and development, and on crop 
yields, and may not cause increased tissue accumulation of elements of environmental concern. 
Moreover, roots in container experiments are confined, and one can assume that the same plants 
grown in the field would accumulate even lesser amounts of heavy metals and toxic elements. 
Sequential extractions 
Although application of composted MSW to agricultural soils increases the total input of 
heavy metals, it does not necessarily increase heavy metal bioavailability in soils. Copper seems 
to be the major element of environmental concern in MSW composts, especially in Canada, 
where its maximum permissible concentration in type A compost is only 100 mg/kg, which is 
usually difficult to meet. Copper is considered to bind to the soil organic matter (Sims and Kline, 
1991; Wu et al., 1999). Several investigations have found that organic amendments increased 
NaOH extractable Cu and decreased nitric - acid extractable Cu (Sims and Kline, 1991; Sposito et 
al., 1982; Payne et al., 1988). Sims and Kline (1991) showed that although compost applications 
increased the total metal soil concentration, the increases were in the more unavailable Cu 
fractions (NaOH, EDTA, and HN03 fractions). The authors did not find a significant correlation 
between total soil and plant concentration of Cu. Also, there were no correlations between plant 
Cu concentration and Cu concentrations of individual fractions. Chu and Wong (1987) reported 
that despite high contents of Cu and other heavy metals, crops grown on compost-treated soils 
accumulated lower levels of heavy metals than those grown on sludge-treated soils. In pot and in 
field experiments, Traulsen and Schonhard (1987) found that compost application to Cu - 
polluted soils increased the yields of maize, colza, and beans, prevented development of Fe 
chlorosis, and decreased Cu concentrations in plants. Hsu and Lo (2000) characterized the 
extractability of Cu, Mn, and Zn in eight swine manure composts with the original Tessier 
procedure (Tessier et al., 1979). Hsu and Lo (2000) found the sum of all fractions to be 100 ± 
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12% of the total concentration of these metals in eight samples of compost, indicating a very high 
recovery ability of this procedure for composts. 
In the present experiment, sequential extraction was very helpful in showing differences 
in the distribution of various fractions of Cu, Mn, and Zn in the control and in the soils amended 
with SS-MSW compost. With increasing rates of compost application, the biggest increase of Cu 
was found in the OM fraction. That result supports the general view that Cu has a very high 
affinity for organic compounds, in agreement with the reports of other authors (Hickey and 
Kittrick, 1984 for soils; Hsu and Lo, 2000, for manure composts; Luo and Christie, 1998, for 
sewage sludge - amended soils). Also, in the present experiment, the EXCH fraction of Cu in 
compost - amended soils was relatively low and comprised around 4.6% of the OM Cu, which 
was very close to the OM:EXCH ratio found by Hsu and Lo (2000) for manure composts and by 
Luo and Christie (1998) in sludge - amended clay loam. However, the EXCH:CARB and 
EXCH:FeMnOX ratios in our experiment with SS-MSW amended soils were much lower than 
respective proportions reported by Luo and Christie (1998) and were similar for some of the 
samples reported by Hsu and Lo (2000). 
Sloan et al. (1997) reported that more than 75% of Cu was found in the relatively stable 
iron-manganese - oxide and acid - replaceable, residual organic, and residual inorganic fractions 
in both the control and biosolid - amended soils. Most of the copper in the applied biosolids was 
in relatively stable forms and did not correlate well with plant copper uptake; still, Cu 
concentrations in the aboveground parts of lettuce correlated positively with the total Cu content 
in soil. 
Unlike Cu, the largest Zn fraction in the compost-amended soils was FeMnOX Zn, which 
is in agreement with the other reports (Luo and Christie, 1998; Shuman, 1999). However, Hsu 
and Lo (2000) found similarly high values in both CARB and oxide fractions. It is generally 
accepted that Zn has a relatively high affinity for sorption on the surfaces of Fe and Mn oxides, 
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especially with increasing pH (Burnham et al., 1992; Luo and Christie, 1998; Shuman, 1975). 
Shuman (1999) reported that spent mushroom compost and humic acids can redistribute Zn from 
the EXCH fraction to less bioavailable forms. EXCH Zn in the MSW - amended soils increased; 
in addition that particular fraction was relatively large, which does not conform with the results of 
Luo and Christie (1998), who did not find detectable Zn in the EXCH fraction. Nevertheless, in 
our experiment the increase of Zn in the EXCH fraction in the 20% and 40% compost treatments, 
although significant, was relatively low. 
From a practical point of view, the 60% and even the 40% SS-MSW compost treatments, 
are rather extreme, and they would correspond to practically unfeasible amounts of compost 
application. The 20% compost treatment may be the limit of what would be feasible in 
agricultural practice. Thus, although the EXCH fraction of both Cu and Zn in the 20% compost 
application increased relative to the control, that increase was not very high, amounting to around 
20% of the EXCH Cu and Zn in the control. At the same time (with the addition of 20% MSW 
compost), OM Cu and FeMnOX Zn increased five to six times relative to the control. Even a 
slight increase of EXCH Cu and Zn, however, resulted in significant tissue Cu accumulation in 
basil and Swiss chard and Zn accumulation in Swiss chard, while Zn accumulation in basil 
decreased. Warman et al. (1995) reported significant increases in tissue Zn and no changes in 
tissue Cu of Swiss chard grown on compost - amended soils. 
Similar to Zn, the largest Mn fraction was FeMnOX. Unlike Cu and Zn, however, EXCH 
Mn decreased with the addition of SS-MSW compost to the soil, and that resulted in decreased 
Mn accumulation in both basil and Swiss chard. The highest amount of Mn in the control and in 
any of the compost-amended soils was found in the FeMnOX fraction, which is in agreement 
with the results from Hsu and Lo (2000). However, Hsu and Lo (2000) also found in two of their 
compost samples higher Mn in the CARB than in the FeMnOX fractions. This confirms that Mn 
has a low affinity for organic compounds (Hsu and Lo, 2000; Kabata-Pendias and Pendias, 1991). 
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Regression analysis of our data revealed that in some instances variations in EXCH 
fractions of Cu and Mn did not influence the tissue concentrations of these metals in Swiss chard. 
Interestingly, HN03 - extractable soil metals were well correlated with tissue Cu in basil and with 
tissue Mn of both crops. Zheljazkov and Nielsen (1996) found a good relationship between soil 
HN03 - extractable and tissue concentrations of Cd, Cu, Pb, Mn, and Zn. Using romaine lettuce, 
Sloan et al. (1997) also reported significant R2 coefficients (0.88*, 0.31*, and 0.41*) for 
concentrations of Cd, Cu and Zn, respectively, of above ground lettuce tissue as a function of the 
total metal concentrations in the soils. In field experiments with Nepeta grown on metal polluted 
soils, (Zheljazkov and Warman (2000), found higher values for these coefficients (R tissue 
metal/HN03 - extracted metal in the soil), which may be due to differences in the experimental 
conditions (soils, plant species). 
Changes detected in the essential oil constituents of basil as a result of treatments might 
be due to the high Cu concentration in the growth medium, thus confirming the reports of 
Zheljazkov and Wilcox (1995) for changes of linalool content in basil as a result of high heavy 
metal content in the soil. Alterations in the essential oil constituents might also be due to 
different pH and EC values and different OM levels in various treatments. 
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CHAPTER 7 
APPLICATION OF HIGH COPPER COMPOST TO DILL AND PEPPERMINT 
Abstract 
A container experiment was conducted to evaluate the effect of various rates of high Cu 
compost (20%, 40%, and 60% compost to soil by volume and a control of 0 % compost) applied 
to dill (Anethum. graveolens L.) and peppermint (Mentha xpiperita L.), on the fractionation of 
Cu, Mn, and Zn in the soils and on major and trace element concentrations in growth medium and 
tissue. Dill yields were increased in the 20% and 40% compost treatment, and peppermint yields 
were increased in the 20% compost treatment. Compost addition to soil increased soil pH and 
EC, increased HN03-extractable soil B, Ca, K, Mg, P, S, Na, and Pb, had no effect on soil Cr, Hg, 
or Ni, but decreased soil As, Cd, Co, Fe, Mo, and Se. The addition of compost also increased 
tissue P, S, Na, Mo (in dill), and K in some treatments, had no effect on tissue B, Co, Hg, Ni, Pb, 
or Se, and decreased tissue Ca, Cd, and Fe (in both crops), tissue Mg and Mo (in some 
treatments). Addition of 60% compost to the soil increased HN03-extractable Cu, Mn, and Zn by 
85, 2, and 5 times relative to the control, increased the Cu EXCH, CARB, FeMnOX, and OM 
fractions by 6, 30, 100, and 200 times relative to the control soils, decreased the Mn EXCH 
fraction and did not change the Zn EXCH fraction. The overall proportion of Cu, Mn, and Zn in 
various fractions was as follows: OM > FeMnOx > CARB > EXCH for Cu, FeMnOX > CARB > 
OM > EXCH for Mn, and FeMnOX > CARB > OM > EXCH for Zn. The application of high Cu 
compost altered the chemical composition of dill and peppermint, but without a clear trend. No 
Cu, Zn, Cd, and Pb were detected in dill and peppermint essential oils. 
Introduction 
Compost application to agricultural land has many benefits; it improves soil biological, 
chemical, and physical properties, provides nutrients to the soil, and reduces the need for 
fertilizers and pesticides. In addition, it may also protect soils from erosion, increase beneficial 
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soil organisms, suppresses certain plant diseases, and keeps organic wastes out of landfills. The 
use of some yard wastes and industrial composts as soil amendments, however, may increase the 
concentration of some heavy metals in the environment and may lead to further inclusion in the 
food chain. To avoid possible pollution of the ecosystem by hazardous elements, many countries 
have established guidelines for waste utilization and management (Barth, 2000; Chaney and 
Ryan, 1993; McGrath et al., 1994; Tontti and Makela-Kurto, 2000). Most of these guidelines, 
however, refer to the total amount of heavy metals and other hazardous elements, whereas 
research has shown that the bioavailable forms of these elements should be of importance and 
concern (Drozd et al., 1999; Sims and Kline, 1991; Warman et al., 1995). 
Copper is one of the elements in compost that cause the greatest concern because of its 
usually high content and potential toxicity to plants. The Canadian guidelines for maximum trace 
element concentration in composts allow 100 mg Cu/kg in type AA and A compost and 757 mg 
Cu/kg in type B composts (CCME 1996). The 100 mg/kg level was estimated by the least 
stringent requirements between the no net degradation and best achievable approaches, while 757 
mg/kg in type B compost “is based on the standards utilized by Agriculture and Agri-Food 
Canada under the “Trade Memorandum T-4-93" (CCME, 1996). 
Generally, three main forms of heavy metals are added to the soil with the use of 
composts and sewage sludges: (1) extractable and exchangeable, (2) potentially extractable and 
exchangeable, and (3) non extractable and non exchangeable (Pare et al., 1999). Metal solubility 
is dependable on these forms (Xian, 1989). It is generally accepted, that aqueous extractable and 
exchangeable forms of heavy metals provide a better indication of metal bioavailability than the 
total concentrations of metals (Petruzzelli et al., 1989; Sims and Kline, 1991). 
To estimate phytoavailability of Cu and other heavy metals in soils, a number of 
researchers use a single extraction with a mild neutral salt or a strong chelating agent (Beckett, 
1989; El-Sabour, 1997; Lake et al., 1984; Pinamonti et al., 1997; Warman et al., 1995). 
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Sequential extractions are considered to be appropriate procedures for fractionation of heavy 
metals after organic amendment application to the soil (Basta and Sloan, 1999; Bunzl et al., 1999; 
Cancet et al., 1997; McGrath and Cegarra, 1992; Pitchel and Anderson, 1997; Planquart et al., 
1999; Sims and Kline, 1991; Stover et al., 1976). Some of the fractionation procedures were 
based on the sequential extraction procedure published by Tessier et al. (1979) and by Sposito et 
al. (1982). Sequential extractions are helpful in separating different geochemical fractions in the 
soil, and they can be used to determine the relative availability and/or solubility of heavy metals 
after organic amendment applications (Sloan et al., 1997). It is understood, however, that these 
fractions are operationally defined and characterize pools of heavy metals and not exact 
geochemical fractions. Sequential extractions, although better than single extractions for 
predicting metal interactions and phytoavailability, are not able to approximate soil solution 
under natural conditions, since extractions are performed at different pH levels, and with various 
concentrations of competing ions (Bunzl et al., 1999). Therefore, the results from sequential 
extractions should be correlated to the actual plant uptake of heavy metals. In addition, chemical 
extractions of compost-amended soils do not truly estimate the relative bioavailability of Cu for 
plants, because plant species, and even cultivars within species, possess different tolerance 
mechanisms and tolerance levels as well as different exclusion mechanisms for Cu. 
It is difficult to predict the level of Cu accumulation in crops grown in soils after the 
application of organic amendments. The addition of some composts may even reduce Cu uptake 
by plants. For instance, in pot and field experiments, Traulsen and Schonhard (1987) found that 
compost application to Cu-polluted soils increased the yields of maize, colza, and beans, 
prevented the development of Fe chlorosis, and decreased the Cu concentrations in plants. In 
addition, a decrease in tissue Cu as a result of compost application was reported by Roe et al. 
(1997). 
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A number of authors have also reported that compost applications did not result in a 
significant increase in plant Cu content (Cancet et al., 1997; Moreno et al., 1996, 1997; Murillo et 
al., 1995; Pinamonti et al., 1997; Sims, 1990; Warman et al., 1995; Warman and Havard, 1998). 
Furthermore, plant species showed different responses to Cu and other heavy metals (Sims and 
Kline, 1991; Warman, 1999; Rodd et al., 2000, 2001). Other investigations, however, have 
reported increased levels of bioavailable Cu in soils and increased Cu content in plant tissue as a 
result of compost application (Alvarez et al., 1993; Costa et al., 1994; Fritz and Venter, 1988; 
Karam et al., 1998; Murillo et al., 1989, 1997; Ozores-Hampton et al., 1997; Petruzzelli et al., 
1989; Pitchel and Anderson, 1997; Purves and Mackenzie, 1973; Wong and Chu, 1985; Wong et 
al, 1996). 
Further research is needed to estimate the safe levels for Cu and other elements of 
concern in various composts. In the present study two aromatic crops were used, namely dill and 
peppermint. These crops might have a potential for use on metal-contaminated sites or for sites 
amended with high heavy metal organic amendments. The final product (essential oil) of some 
aromatic crops has been shown not to accumulate metals even when plants were grown on 
heavily polluted soils (Zheljazkov and Nielsen, 1996; Zheljazkov et al, 1999, for peppermint) or 
on municipal-sludge amended soils (Scora and Chang, 1997, for peppermint). In addition, unlike 
most agricultural crops, these two species are not polyploids and thus might be better indicators 
of the adverse effects of compost-borne heavy metals than most field crops. Both dill and 
peppermint are grown as aromatic crops in Europe and North America. Leaves are used fresh or 
dry as flavoring agent for foods and beverages. Basil and peppermint essential oils are important 
aromatics used widely as flavoring and fragrance agents in a whole array of products. 
The dual aim of this study was (1) to evaluate the effect of various rates of high Cu 
compost application on growth, productivity, tissue content of essential and trace elements, metal 
transfer into the oils, and essential oil quality of dill and peppermint and (2) to fractionate Cu, 
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Mn, and Zn in the compost and in the growth medium and relate their concentrations to plant 
accumulation of these elements. 
Materials and methods 
Plant and growth conditions 
A container experiment was conducted in an Econair Plant Growth Room (model GR- 
192) at the Nova Scotia Agricultural College. The plant experimental material was dill (Anethum 
graveolens L.) and peppermint {Mentha x piperita L. cv. Black Mitchum). Dill seeds were 
purchased from Johnny’s Selected Seeds, Albion, Maine, while peppermint planting material was 
kindly provided by Dr. Lyle Craker, Department of Plant and Soil Sciences, University of 
Massachusetts at Amherst, MA. Dill plants were started as seeds by placing 20 seeds in every 
container, after emergence the number of plants was reduced to 10 , and after a week plants were 
reduced further to 6 plants per container. Peppermint plants were started as rhizomes cut in 2-3 
cm pieces to provide 1 - 2 plants per piece. After emergence, plants were reduced to three per 
container. Plants were grown for 12 weeks with 14 h days and 10 h nights, with day and night 
temperatures of 25° C and 18°C, respectively. Plants were irrigated once every 24 h with an 
automatic watering drip emitter type system. Plastic trays were placed under each container for 
collection of the lechate. To avoid interference with the nutrient effect of compost in different 
treatments, plants were fertilized every week with 300 mL of fertilizer solution (60 g of 20 : 20 : 
20 NPK fertilizer in 10 L of water). Plants were harvested simultaneously, at the beginning of 
seed formation for dill and at 50% blossoming for peppermint by cutting at 3-4 cm above the soil. 
Above ground parts were placed in a dryer at 65° C for 3 days. Half of the harvested plants from 
each treatment were air dried for extraction of the essential oil. 
The treatments consisted of 20%, 40%, and 60% compost to soil by volume and a control 
(100% soil). The weight of the growth medium in each container was between 2150 and 2650 g, 
depending on the percentage of compost. The soil used was a Pugwash sandy loam (Humo-Ferric 
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Podzol, water pH of 6.0, C level of 3.1 mg /g). Before the addition of compost, 400 g quick lime 
was added to 100 kg of soil and thoroughly mixed in order to increase the soil pH. 
The high Cu compost was prepared in 1999 from 100 kg of feedstock including yard 
wastes, grass clippings, straw, and manure and left to mature for 6 months. Copper salt was 
added to the feedstock at the beginning of composting and mixed thoroughly. At maturity, the 
compost had a moisture content of 60-65%, 7.7% C, 0.628% N, a C:N ratio of 12.3:1, an aqueous 
pH of 7.6, and EC value of 2.4 mmhos/cm. A seed phytotoxicity test to evaluate compost 
maturity was conducted by using a direct seed test (Warman, 1999). Control seed germination 
was performed in deionized water and in peat. In each petri dish was added 15 cm3 of compost or 
peat and the material was moistened to saturation by adding deionized water. Filter paper was 
used as a water holding medium in the H20 control petri dishes. Each treatment had five 
replications. Ten seeds were placed in every petri dish and the lids were left on until germination 
(3 days later). Plants were left to grow for a week and their height recorded (Table 7.1). 
Trace element analysis 
Whole plants were oven-dried at 60° C for 72 h following the harvest, weight of dry 
matter was recorded, and plants were ground with a Willey mill, and sieved through a 2.0 mm 
screen. Soil samples were taken immediately after the harvest, half of them were air dried at 20° 
C, and the other half were oven dried at 60° C for 72 h, crushed, and sieved through a 2.0 mm 
screen. Both plant and soil samples were digested in concentrated nitric acid. 
Nitric acid digestion was conducted by using 4 g of subsample in a 250 mL digestion 
tube and 40 mL of concentrated nitric acid. The sample was heated for 45 min at 90° C, then the 
temperature was increased to 140° C, and the sample was boiled for at least 8 h until a clear 
solution was obtained. In the meantime, more concentrated nitric acid was added to the sample (5 
mL at least three times), and the digestion proceeded until the volume was reduced to about 1 
mL. The sides of the tube were washed down with a small amount of deionized water and 
139 
swirled throughout the digestion to keep the sides elean and to prevent sample loss. After 
cooling, 5 mL of 1% HN03 was added to the sample. The sample was filtered through Whatman 
No. 42 paper, transferred to a 25 mL volumetric flask, and diluted to volume with deionized 
water. For the analysis of As, llg, and Se, half of the sample was transferred to a digestion tube 
and boiled at 100°C until the sample was reduced to 5 mL. After that, 5 mL of 6 M HC1 was 
added and the sample was left on the digestion block for another IS minutes, then cooled to room 
temperature and quantitatively transferred to a 25 mL volumetric flask and made up to volume 
with 6 M HCI. 
Sequential extraction 
Metal fractionation was conducted by using the procedure of Luo and Christie (1998), 
which is modified from the procedure of Tessier et al. (1979). The samples consisted of 2 g of 
air-dried and sieved soil or soil/compost mixture. All extraction steps were performed in 50 mL 
polypropylene centrifuge tubes with screw caps. The chemical fractions were operationally 
defined as follows: 
1. Exchangeable fraction of metals: to the samples was added 16 mL of 1 M Mg(N03)2 at pH 
7.0. The samples were shaken for 1 h at room temperature and centrifuged at 3000 rpm for 10 
min and the supernatant was filtered through No. 42 Whatman paper and stored for analysis. The 
weight of the sample and the tube was recorded. 
2. Carbonate bound fraction: to each residue from step 1 was added 16 mL of 1 M CI LCOOHNa 
adjusted to pi I 5.0 with CH3COOH. The samples were shaken for 5 h at room temperature, 
centrifuged and filtered through No. 42 Whatman paper; afterward the weight was recorded. 
3. Metals from reducible iron and manganese bound fraction: to sample residues from step 2 was 
added 30 mL of 0.04 M NH2OHHCI in 25% (v/v) CH3COOH. The tubes were capped, placed for 
5 h on a water bath at 96°C, and agitated occasionally. Then the tubes were centrifuged, filtered, 
and weighed as indicated earlier. 
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4. Organic matter bound metals: to the sample residues from previous step was added 6 mL of 
0.02 M HN03 and 4 mL of 30% H202 adjusted to pH 2.0 with HN03. The non capped tubes with 
samples were placed in a water bath at 85° C for 45 min. After that, 4 mL of 30% H202 adjusted 
to pH 2 with HN03 was added to the samples, and the samples were placed in a water bath at 85° 
C for further 45 min. This procedure was repeated three more times for a total period of 5 h. 
After cooling, 8 mL of 3.2 M CH3COONH4 in 20% (v/v) HN03 was added, and the samples were 
diluted with deionized water to 30 mL. The samples were shaken for 30 min, centrifuged, and 
filtered as indicated earlier. 
Samples were analyzed for HN03-extractable B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, 
Na, Ni, P, Pb, S, and Zn with a Thermo Jarrell Ash Corporation inductively coupled argon plasma 
spectrometer (ICAP model No. 61, with simultaneous vacuum spectrometer, argon gas, and fixed 
cross flow nebulizer). Arsenic, Hg, and Se were analyzed with a Varian Vapour Generation 
Accessory (VGA-76) for a Varian Spectra AA-20 atomic absorption spectrophotometer (AAS), a 
flame was used for As and Se, and the cold vapor technique was used for Hg. The wavelengths 
and detection limits for the analyzed elements were as follows (nm): 
Element Wavelength (nm) Detection limit (ppm) 
B 2496.78 0.05 
Ca 3706.03 0.01 
Cd 2265.02 0.005 
Co 2286.16 0.05 
Cr 2677.16 0.05 
Cu 3247.54 0.02 
Fe 2599.0 0.1 
K 7664.91 0.05 
Mg 2790.79 0.02 
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Mn 2576.1 0.05 
Mo 2020.3 0.05 
Na 5889.95 0.1 
Ni 2316.04 0.05 
P 1782.87 0.02 
Pb 2203.53 0.05 
S 1820.4 0.3 
Se 1960.26 0.3 
Zn 2138.56 0.02 
Wavelengths for VGA-AAS measured elements were as follows: As 193.7 nm, Hg 253.7 
nm, and Se 196.0 nm. The sodium borohydride solution and HC1 for As and Se were 0.6% 
NaBH4 in 0.5% NaOH, with 6 M HC1 in the acid container, while for Hg 0.3% NaBH4 in 0.5% 
NaOH and 5 M HC1 were used. 
Essential oil analysis 
The oil content was established in dry herbage. Oil was extracted by hydrodistillation 
using a Clevenger-type apparatus. The GC system was a Varian 6500 with a flame ionization 
detector, nitrogen as the carrier gas, a flow rate of 12 ml/min, and fitted with a J&W Scientific 
DB-5 column (30 m X 0.53 pm, film thickness 0.5 pm). The injection sample was 1 pL. The 
column oven was temperature programmed as follows: 15 min at 50° C, 2°C/min increase to 60° 
C, 10 min at 60° C, 10°C/min increase to 180°C, and 2 min at 180°C. Data analysis was 
performed using two-way ANOVA with SAS (SAS Institute, 1995). 
Results and discussion 
The seed germination test (Table 7.1) indicated a slight decrease in germination of cress 
and a significant decrease in germination of marigold in the compost treatment. It seems that 
germination of marigold seeds is more sensitive to the negative effect of compost than is seed 
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germination of cress. Although the height of the plants was measured, this could not be 
considered a reliable index because of the great differences in nutrient supplement between 
Table 7.1. Cress and marigold germination and height using the direct seed test for compost 
maturity. 
Control H2O Control peat High Cu compost 
Germ. Height Germ. Height Germ. Height 
Species (%) (cm) (%) (cm) (%) (cm) 
Cress 75a* 1.4 75a 4.2 68a 2.9 
Marigold 100a 1.3 93a 3.1 80b 1.6 
*Means with the same letter are not significantly different at p < 0.05. 
compost, H20, and peat medium. Soil pH and electrical conductivity measured at the end of the 
experiment (Table 7.2) indicated that both pH and EC increased with increasing rates of compost 
application. 
Table 7.2. Soil pH and electrical conductivity (EC) at harvest. 
Species Treatment PH EC (milli mhos/cm2) 
Dill Control 5.34 3.9 
20% compost 5.42 4.5 
40% compost 5.45 4.6 
60% compost 5.73 5.8 
Peppermint Control 5.36 3.8 
20% compost 5.36 4.5 
40% compost 5.52 4.8 
60% compost 6.05 5.0 
Yields of dry matter from dill and peppermint as a function of compost application rates 
are shown in Table 7.3. Dill yields increased in the 20% and 40% compost treatments relative to 
the control, while yields in the 60% compost treatment were not different from the control. 
Within peppermint, the highest yields were obtained in the 20% compost treatment, lower yields 
in the control, and lowest yields 
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Table 7.3. Plant yields (DW g/pot) and height (cm) from dill and peppermint as a function of the 
rate of compost application to the soil. 
Species Index Treatment (% compost to soil by volume) 
0 (Control) 20% 40% 60% 
Dill Yield 77.6b* 133.0a 141.3a 91.8b 
Height 63b 86a 77ab 72b 
Pepper- Yield 70.1bc 107.5a 85.8ab 49.6c 
mint Height 65bc 83a 70b 57c 
* Means with the same letter within a species are not significantly different at p < 0.05. 
in the 60% compost treatment. Yields in the 60% compost treatment were not different from the 
control. Plants from both species were taller with 20% compost and shorter in the control and 
60% compost treatments. 
Higher yields in the 20% compost and for dill in the 40% compost treatment may have 
been due to a number of factors such as improved soil physical and biological properties, 
increased amount of micronutrients, and increased pH fostering better availability of some 
nutrients. Others also reported yield increases as a result of compost application (Murillo et al., 
1995; Sebastiao et al., 2000; Sicora et al., 1980; Warman et al., 1995). The suppressing effect of 
compost in the 60% compost treatment may be due to the very high Cu concentration in the 
growth medium (see Table 7.5), and Cu is known for its phytotoxicity at elevated concentrations 
(reviewed in Kabata-Pendias and Pendias, 1991). 
Although no reports on heavy metal uptake by dill were found in the literature, there are a 
few reports on peppermint (Scora and Chang, 1997; Zheljazkov and Nielsen, 1996; Zheljazkov et 
al., 1999). Scora and Chang (1997) in a pot experiment with peppermint and application of high 
metal sewage sludge reported that yields did not decrease in the presence in the soil of the 
following (mg/kg) Cd 6, Cr 256, Cu 182, Ni 86, Pb 173, and Zn 601. 
Under the conditions of the present experiment, yields of peppermint were higher than in 
the control for growth medium with the following concentrations of metals (mg/kg). Cd 1, Cr 10, 
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Cu 373, Ni 5, Pb 9, and Zn 70. Also, in this experiment, dill yields in the 60% compost treatment 
were not different from the control, although at this compost level HN03-extractable Cu in the 
growth medium reached 729 mg/kg. In the experiment of Scora and Chang (1997) tissue Cu and 
Zn in the highest sewage sludge treatment were 44 and 87 mg/kg, respectively, whereas in the 
60% compost treatment in the present experiment tissue Cu in peppermint was 12 mg/kg at 
highest treatment and the Zn content was 16 mg/kg. That implies much lower phytoavailability 
of Cu, Zn, and other heavy metals from compost, relative to metal availability from sewage 
sludge-amended soil, which is not surprising as the two products have generally dissimilar 
characteristics. 
Zheljazkov and Nielsen (1996), in a field experiment with peppermint grown on very 
highly polluted soils, reported values for tissue Cu and Zn very similar to those for Cu and Zn in 
peppermint reported by Scora and Chang (1997). Nevertheless, on the basis of available data one 
cannot speculate which heavy metal at what concentration would have adverse affects on 
peppermint, since in the three studies cited earlier there were more than one element in the 
medium that might have become phytotoxic. Even in the present experiment, where only Cu is in 
relatively elevated concentration, an extrapolation of phytotoxic limits was difficult to establish. 
Tissue Cu in the 60% compost treatment reached 12.2 mg/kg versus 9.3 mg/kg in the 40% 
compost treatment, where no adverse effect was found. Nevertheless, we may speculate that the 
critical tissue Cu concentration in peppermint is around 10 mg/kg, which is twice as low as the 
respective critical concentrations reported for most other crops (reviewed in Kabata-Pendias and 
Pendias, 1991). 
Results on soil and plant concentrations of the measured elements and plant uptake are 
shown in Table 7.4. Concerning Ca, higher soil Ca was measured in the 60% compost 
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Table 7.4. Total (HN03 extractable) mineral composition of soils and plant tissue, and plant 
uptake of macro and microelements as a function of the rate of compost application and plant 
species. 
Dill Peppermint 
Element Measure 0% 20% 40% 60% 0% 20% 40% 60% 
Ca Soil cone 0.2d‘ 5.1c 9.7b 17a 0.2d 4.2c 10.5b 16.1a 
Plant cone 11.9a 8.7b 8.7b 7.2c 7.7bc 5.9d 4.7e 4.6de 
PI. uptake 0.9 1.2 1.2 0.7 0.5 0.6 0.4 0.2 
K Soil cone l.Oe 1.4de 1.9c 4.2a 1.2e 1.5d 2.2c 3.7b 
Plant cone 32.8c 32.9c 38.2a 39.4a 30.7d 24. le 24.le 35.8b 
PI. uptake 2.5 4.4 5.4 3.6 2.2 2.6 2.1 1.8 
Mg Soil cone 1.2e 1.9d 2.6c 3.6a 1.2e 1.9d 2.8b 3.5a 
Plant cone 2.4a 1.9bc 2.1b 2. lab 2.3ab 1.7c 1.6c 1.8c 
PI. uptake 0.2 0.3 0.3 0.2 0.2 0.2 0.1 0.1 
P Soil cone 0.4d 1.3c 2.2b 4.0a 0.5d 1.1c 2.1b 3.6a 
Plant cone 3.8bc 4.7a 3.7bc 4.6a 3.2c 3.4c 3.8b 4.5a 
Plant uptake 0.3 0.6 0.5 0.4 0.2 0.4 0.3 0.2 
S Soil cone 0.2d 0.3c 0.5b 0.8a 0.2d 0.3c 0.8b 0.8a 
Plant cone 0.8c 1.4b 1.8a 1.8a 0.86c 1.02c l.lbc 1.6ab 
PI. uptake 0.2 0.6 0.8 0.5 0.2 0.3 0.3 0.2 
Fe Soil cone 17.8bc 16.7c 14.8d 13.5e 19.2a 17.9b 16.0c 14.5de 
Plant cone 0.1b 0.03d 0.04d 0.04cd 0.2a 0.05c 0.04cd 0.03d 
PI. uptake 8.4 3.4 5.3 3.9 14.4 5.9 3.6 1.5 
Na Soil cone 88.4e 201.6d 295.4c 571.8a 80.Oe 178.Id 283.5c 517b 
Plant cone 309.6c 395.2c 807.6b 1266.9a 79.5d 100.2d 117.Id 402.8c 
PI. uptake 24.1 52.6 114.1 116.3 5.6 10.8 10.0 20.0 
As Soil cone 0.26a 0.07b 0.08b 0.05b 0.22a 0.07b 0.07b 0.07b 
B Soil cone 1.4e 2.5d 3.6c 5.8a 2.0d 2.3d 4.6b 5.3a 
Plant cone 22.1b 23.9a 22.4ab 23.6ab 18.9c 17.9c 17.6c 18.4c 
PI. uptake 1.7 3.2 3.2 2.2 1.3 1.9 1.5 0.9 
Cd Soil cone 1.2a 1.1a 0.9b 0.1c 1.1a l.lab l.lab 0.1c 
Plant cone 0.4bc O.le 0.2d 0.2d 0.7a 0.3c 0.4b 0.3cd 
Plant uptake 27.2 16.0 28.3 18.4 46.3 33.3 35.2 12.4 
Co Soil cone 5.4ab 5.1b 4.6c 4.4c 5.8a 5.2b 5.3b 4.5c 
Plant cone 0.01b 0.16ab 0.12ab 0.15ab 0.06ab 0.1Oab 0.16ab 0.20a 
Plant uptake 1.1 21.4 17.5 14.1 4.3 10.6 13.9 9.8 
Cr Soil cone 10.2ab 9.8ab 9.2b 9.2b 11.0a 10.3ab 10.2ab 9.6b 
(continued) 
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Table 7.4. (continued) 
Hg Soil cone 0.08 0.09 0.10 
Plant cone 0.25 0.29 0.32 
Plant uptake 19.4 38.6 45.2 
Mo Soil cone 8.7a 8.0b 7.9b 
Plant cone 0.7c 1.1b 0.7c 
Plant uptake 53.6 145.0 100.3 
Ni Soil cone 4.5b 4.4b 4.6b 
Plant cone 0.3ab 0.2b 0.3a 
Plant uptake 21.0 23.9 41.0 
Pb Soil cone 5.5c 7.5bc 7.9b 
Plant cone 0.3ab 0.2b 0.2b 
Plant uptake 22.5 31.9 32.5 
Se Soil cone 0.21 0.12 0.05 
Plant cone 0.012 0.01 0.01 
Plant uptake 0.93 1.7 1.7 
0.11 0.08 0.08 0.16 0.14 
0.28 0.39 0.37 0.32 0.45 
25.7 27.3 39.8 27.5 22.3 
7.7b 9.4a 8.3b 8.5ab 8.3b 
1.2b 1.3ab 1.4a 1.1b 0.4d 
106.5 89.0 151.6 97.8 19.8 
5.0ab 4.6b 4.6b 4.8ab 5.2a 
0.2ab 0.2b 0.2ab 0.2b 0.3ab 
20.2 10.5 23.7 12.9 12.9 
10.7a 6.1c 7.3bc 8.6b 11.2a 
0.2b 0.4a 0.3ab 0.4ab 0.3ab 
20.2 30.1 34.4 33.5 13.9 
0.03 0.37 0.16 0.06 0.01 
0.02 0.01 0.01 0.02 0.02 
1.4 0.9 1.4 1.3 0.8 
‘Means with the same letter are not significantly different at p < 0.05. 
Ca, K, Mg, P, S, and Fe are in mg/g, while the concentration of other elements is in mg/kg. 
Plant uptake of Ca, K, Mg, P, and S is in g/pot, while plant uptake of other elements is in mg/pot. 
treatments, with the lowest Ca in the control soils. In the 60% compost treatment, medium Ca 
was 75 times higher than in the control soil. Tissue Ca showed a trend opposite to the medium 
Ca: Ca was accumulated to significantly higher levels in the control plants and lower in the plants 
from the 60% compost treatment. In the control treatments, the tissue/medium Ca ratio was 53 
and 34 for dill and peppermint, respectively. However, the same ratio in the 60% compost 
treatments was 2 and 3.5 for dill and peppermint, respectively. Within various treatments, dill 
had higher tissue Ca than peppermint. 
The addition of compost to the soil decreased both medium and tissue Fe. Decreased 
tissue Fe in compost-amended soils could be due to decreased HN03-extractable soil Fe and 
increased pH, as Fe is reduced at lower pH and becomes more phytoavailable. Other ions such as 
Cu and Zn may also have influenced Fe uptake, and antagonistic interactions between Fe and Cu 
and between Fe and Zn have been reported in the literature (Shim and Vos, 1965; Kabata-Pendias 
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and Pendias, 1991). Both species accumulated similar amounts of Fe, except for the control 
where peppermint accumulated more Fe in the tissue than did dill. Increased rates of compost 
application reduced Fe uptake. 
Soil K concentration was increased by the addition of compost, resulting in 4 times 
higher values in the 60% compost treatment than in the control. Tissue K of dill was highest in 
the 40% and 60% compost treatments and lowest in the control and 20% compost treatments. 
Tissue K of peppermint was highest in the 60% compost treatment, lower in the control, and 
lowest in the 20% and 40% compost treatments. Of the two species of plants, relatively more K 
was accumulated by dill, and K uptake increased with compost application. 
Compost addition to the soil resulted in a significant increase of soil Mg, the highest Mg 
being in the 60% compost treatment. However, dill had higher tissue Mg in the control and 60% 
compost treatments and the lowest in the 20% compost treatment, while peppermint had higher 
tissue Mg in the control and lower tissue Mg in the other treatments. Magnesium accumulation in 
plants may have been inhibited by the increase in K and Ca in the compost-amended soils. 
Comparatively more tissue Mg was detected in dill. The addition of compost to the soil increased 
soil P; in 60% compost soil P was more than eight times higher than in the control soil. 
Peppermint tissue P was positively correlated with soil P, while dill tissue P did not correlate well 
with soil P. Dill uptake of P was higher than peppermint P uptake. Increasing rates of compost 
application resulted in a significant increase in soil S, resulting in four times higher soil S in the 
60% compost treatments relative to the control. Plant tissue S followed the same trend; tissue S 
in the 60% compost treatments was twice as high as S in the control plants. Generally, plant 
uptake of S increased with the increase in soil S. 
The soil As levels in various treatments were quite low (in the range of 0.05 to 0.26 
mg/kg) and showed no differences. Also tissue As in all treatments was at or below the detection 
limit, so no reliable conclusions could be drawn. Soil B was increased from 1.4-2 mg/kg in the 
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control soil to > 5 mg/kg in the 60% compost treatment. However, treatments had no effect on 
tissue B. Most probably B accumulation by plants in the compost-amended soils was limited by 
the higher Ca concentration in the treatments (Judel, 1977). Peppermint tended to accumulate 
less B than did dill. The addition of this particular compost to the soil decreased the Cd 
concentration in the growth medium from around 1.2 in the control to 0.1 mg/kg in the 60% 
compost treatment. Both plant species showed a decrease in tissue Cd from 0.4 - 0.7 in the 
control to 0.2 mg/kg in the 60% compost treatment. Cadmium uptake by both plants was higher 
in the control and lower in the 60% compost treatment. Soil Cr content showed a slight trend to 
decrease with increased compost application. In all treatments the average medium Cr 
concentration remained between 9 and 11 mg/kg, which is much less than 210 mg/kg, the 
maximum allowable Cr concentration in type A compost. No Cr was detected in the plant tissue. 
Soil Hg content increased slightly from about 0.08 mg/kg in the control to around 0.14 mg/kg in 
the 60% compost treatment, but this did not affect tissue Hg; in all treatments, tissue Hg varied 
between 0.2 and 0.5 mg/kg. At those low levels and with such high variability, no significant 
differences were found in tissue Hg among the treatments. 
Compost addition slightly decreased soil Mo from around 9 mg/kg in the control to 
around 8 mg/kg in the 60% compost treatment. Tissue Mo, however, did not vary accordingly to 
the soil Mo; in addition, it varied unequally within the two plant species. In dill, higher tissue Mo 
was measured in the 20% and 60% compost treatments, and lower tissue Mo was found in the 
control and 40% compost treatments. In peppermint, higher tissue Mo was found in the 20% and 
control treatments, lower tissue Mo in the 40% treatment, and lowest in the 60% compost 
treatments. Generally, plant uptake of Mo was higher in the compost treatments, with the 
exception of peppermint in the 60% compost treatment. Both plant species removed similar 
amounts of Mo. The highest amount of Mo was removed in the 20% compost treatments in both 
species. 
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Sodium in the soils increased with compost addition from 80 mg/kg in the control to over 
500 mg/kg in the 60% compost treatment. Tissue Na also increased with the compost addition by 
4-5 times in the 60% compost treatment relative to the control. Dill accumulated higher Na. 
Sodium concentrations in the 60% compost treatment reached over 1,200 and over 400 mg/kg in 
dill and peppermint tissue, respectively. That may place dill in the group of crops with medium 
potential uptake of Na, while peppermint may be in the group of plants with low or very low 
ability to accumulate Na (Marschner, 1971). Plant uptake of Na as a direct function of tissue Na 
and dry yields showed a trend toward increasing with the addition of compost. Naturally, dill 
removed more Na from the soil than did peppermint. 
Soil Ni increased very little with compost addition from 4.5 in the control to 5.2 mg/kg in 
the 60% compost treatment. Tissue Ni in both plants also varied within a narrow range from 0.15 
to 0.29 mg/kg. High tissue Ni in dill was detected in the 40 % compost treatment and low in the 
20% compost treatment, while in peppermint tissue Ni did not vary as a result of compost 
application, thus confirming the report of Warman et al. (1995) that tissue Ni in Swiss chard was 
not influenced by different rates of compost application or different soil Ni. 
Lead concentrations in the soil increased two times in the 60% compost treatment relative 
to the control soil, reaching values around 11 mg/kg. Within a given plant species, however, 
tissue Pb did not fluctuate as a result of different treatments, in all cases tissue Pb was between 
0.22 and 0.44 mg/kg. Plant uptake did not vary considerably as a result of treatments either, and 
Pb removal in various treatments was between 14 and 34 pg/pot. Warman et al. (1995) did not 
detect variations in tissue Pb in Swiss chard grown on compost-amended soils. 
Compost addition to the soils decreased low Se levelsin the control to nearly undetectable 
amounts (around 0.01 mg/kg) in the 60% compost treatment. Soil Se variation did not induce any 
significant variability of tissue Se; in different treatments, tissue Se was around 0.015 mg/kg. 
Selenium removal from the soil was relatively low, ranging from 0.8 to 1.7 pg/pot. In a similar 
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experiment with Swiss chard, Warman et al. (1995) did not detect variations in tissue Se, 
although increased rates of biosolid-supplemented compost application elevated medium Se. 
Distribution of Cu, Mn, and Zn in different fractions 
Fractionation of Cu, Mn, and Zn in the soils from different treatments is shown in Table 
7.5. In the control soils different fractions of Cu were more or less equally distributed, with the 
most Cu being found in the CARB fraction and the least in the FeMnOX fraction. Addition of 
high Cu compost increased the EXCH fraction in the 60% compost treatment up to 6 times 
relative to the control, reaching values averaging 6.5 mg/kg. In the 60% compost treatment, the 
CARB fractions increased more than 30 times relative to the control. However, the biggest 
increase of Cu was found in the FeMnOX and in the OM fractions, where Cu in the 60% compost 
treatment reached values more than 100 and 200 times those of the controls, or values of 100 and 
290 mg/kg for FeMnOX and OM fractions, respectively. The OM fraction was the largest 
extractable fraction of Cu. The HNO3 Cu fraction in the same 60% compost treatment increased 
up to 80 - 90 times relative to the control, reaching values of 700 mg/kg. Sims and Kline (1991) 
found that the application of composted sewage sludge (44 Mg/ha) increased Cu in all fractions in 
three loamy soils, and the biggest increase was detected in organic fractions. In the same study, 
the EXCH Cu was increased by 50 - 60% in the three soils relative to the unamended control, 
although the OM Cu more than doubled and the total Cu doubled relative to the unamended 
control. 
Tissue Cu in dill increased from 2.6 in the control to 15.0 mg/kg in the 40% compost 
treatment (Table 7.5). In peppermint, tissue Cu increased from 5.8 (in the control) to as high as 
12.2 mg/kg (in the 60% compost treatment). Thus, in the 60% compost treatment, tissue Cu of 
dill increased around five times while tissue Cu of peppermint increased two times relative to the 
control, indicating that dill reacts more strongly to Cu in the growth medium. 
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Tissue Cu in peppermint from our experiment was below the values reported by Scora 
and Chang (1997) and by Zheljazkov and Nielsen (1996), probably owing to different conditions 
in the three experiments. Zheljazkov et al. (1999) reported a small but significant increase in 
tissue Cu of peppermint as a result of increased HN03-extractable Cu in the soil. However, Scora 
Table 7.5. Fractionation of Cu, Mn and Zn in compost-amended soils, metal concentrations 
(mg/kg) in plants, and plant uptake. 
Metal Species Treatment 
(% compost in the 
growth medium) 
Soil Fractions Tissue Uptake 
mg/pot 
Exch Carb FeMnOX OM hno3 
Cu Dill 0 (control) l.Oe1 1.4c 0.7d 1.4d 8.6f 2.6e 0.2 
20 2.5d 13.9b 19.3c 67.9c 182.3d 8.8c 1.2 
40 5.3c 44.5a 82.1b 195.9b 372.9c 15.0a 2.1 
60 6.9a 46.3a 101.0a 293.6a 729.2a 12.0b 1.1 
Pepper- 0 (control) l.le 1.5c 0.8d 1.4d 6.9f 5.8d 0.4 
mint 20 2.6d 13.9b 18.1c 67.6c 123.5e 8.2c 0.9 
40 5.2c 42.4a 78.8b 190.2b 399.8c 9.3c 0.8 
60 6.3b 45.9a 93.7a 288.6a 697.8b 12.2b 0.6 
Mn Dill 0 (control) 14.9b 26.8d 108.Od 11.2d 201.6d 89.7c 6.9 
20 lO.Od 51.4c 152.6c 15.6c 262.3d 36.3e 4.8 
40 10.6d 88.3b 234.7b 27.6b 308.4b 91.7c 12.9 
60 12.1c 110.2a 270.7a 33.8a 416.3a 115.9b 10.6 
Pepper- 0 (control) 16.2a 27.Id 100.5d 11.Od 225.9e 163.6a 11.5 
mint 20 10.4d 52.0c 151.6c 16.4c 256.9d 30.2e 3.2 
40 10.7d 88.2b 236.0b 27.7b 341.5c 45.6e 3.9 
60 12.5c 113.7a 270.7a 33.8a 411.6a 64.7d 3.2 
Zn Dill 0 (control) 3.1b 5.5d 8.4d 3.id 22.2e 22.9d 1.8 
20 3.2a 11.3c 15.9c 5.4c 41.9d 28.1c 3.7 
40 3.4b 35.6b 43.7a 10.8b 64.7c 36.3b 5.1 
60 3.2bc 41.9a 65.9a 14.1a 103.0b 40.6a 3.7 
Pepper- 0 (control) 2.9c 5.0d 7.3d 2.7d 24.7e 21.0d 1.5 
mint 20 3.2b 11.8c 16.6c 5.6c 38.2d 13.5e 1.4 
40 3.3ab 33.9b 43.7b 11.4b 69.6c 15.le 1.3 
60 3.1b 42.6a 66.6a 14.3a 113.3a 16.6e 0.8 
1 Means with the same letter within a fraction are not significantly different at p < 0.05. 
and Chang (1997) did not find a significant increase in tissue Cu as a result of increased 
application of sewage sludge and increased Cu in the medium from 23 mg/kg in the control to 
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182 mg/kg in the highest treatment. The highest accumulation of Cu in dill was detected in the 
40% compost treatment, while in peppermint the peak was at 60% compost treatment. The 
overall proportion of Cu in various fractions was as follows: OM > FeMnOx > CARB > EXCH. 
However, for the control soil the proportion of Cu was CARB = OM > EXCH > FeMnOX. 
Naturally, soil Cu in various fractions as a function of compost application had the order 60% > 
40% > 20% > control, but the increase was not strictly proportional. 
Manganese in the control soil was highest in the FeMnOX and lowest in the OM fraction. 
Although the addition of high Cu compost to the soil doubled the FfN03-extractable fraction of 
Mn, at the same time compost addition resulted in a decrease of Mn in the EXCH fraction. The 
lowest values in the EXCH fraction were detected in the 20 and 40% compost treatments. 
Manganese in the CARB, FeMnOX, and OM fractions increased in the 60% compost treatment 
by 4, 2.5, and 3 times, respectively, relative to the control. The proportion of Mn in the different 
fractions followed the order FeMnOX > CARB > OM > EXCH. The two plant species 
accumulated unequal amount of Mn. 
Tissue Mn in peppermint was highest in the control soil, less in the 60% compost 
treatment, and least in the 20 and 40% compost treatments. That result does not conform to the 
results reported by Zheljazkov and Nielsen (1996), who found that increased soil Mn resulted in 
higher tissue Mn in peppermint. Unlike in peppermint, tissue Mn in dill was highest in the 60% 
compost treatment, less in the control and 40% compost treatments and least in the 20% compost 
treatment. Manganese accumulation in plants must have been affected by increased pH and high 
Cu concentration in the growth medium. Research has shown that with increasing pH, Mn 
availability to plants may decrease (Sims and Kline, 1991). Although the addition of compost 
steadily increased the Mn uptake of dill up to 10.6 in the 60% compost treatment (1.5 times 
higher than the control), Mn uptake by peppermint decreased from 11.5 in the control to 3.2 in 
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the 60% compost treatment. This might have been due to the increased pH in the compost and to 
Cu interferences. 
With increasing rates of compost application, the Zn EXCH fraction did not change, 
while Zn CARB, FeMnOX, and OM fractions in the 60% compost treatment reached, 
respectively, 8, 9, and 5 times higher values than in the control soil. Nitric acid-extractable Zn 
also increased five times in the 60% compost treatment relative to the unamended soil. Overall, 
the sequence of Zn in various fractions was in the order FeMnOX > CARB > OM > EXCH. 
Peppermint tissue Zn did not correlate well with variations of Zn concentration in any particular 
fraction. 
Sims and Kline (1991) also found insignificant increases in the EXCH Zn fraction in one 
soil, however, authors reported significant increases in EXCH Zn for two other soils (with 30% 
higher Zn in the compost-amended soils relative to the control). Research has demonstrated that 
Cu had an adsorption affinity almost always higher than Zn for soils and for biosolid-amended 
soils, resulting in higher availability of Zn relative to Cu in amended soils (Basta and Sloan, 
1999; Elliott et al., 1986; Chaney, 1990). Results from our experiment support this 
understanding. 
Tissue Zn in peppermint was higher in the control and lower in the compost-amended 
soils, which conforms to the finding of Scora and Chang (1997), who reported no significant 
increase in tissue Zn while the medium Zn reached 252 mg/kg. However, Zn accumulation in dill 
increased with increasing rates of compost application, reaching 40 mg/kg in the 60% compost 
treatment, twice as high as in the control. With increased addition of compost, Zn uptake by dill 
increased gradually, while Zn uptake by peppermint decreased. Obviously different plant species 
tend to respond unequally to variations in soil Zn. 
Research has shown that Cu binds to the soil organic matter (Sims and Kline, 1991; Wu 
et al., 1999). Hence, the addition of compost may increase the total Cu concentration, but not 
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necessarily Cu phytoavailability. Some studies have shown that organic amendments increased 
NaOH-extractable Cu and decreased nitric acid-extractable Cu (Sims and Kline, 1991; Sposito et 
al., 1982; Payne et al., 1988). Sims and Kline (1991) have shown that although compost 
applications increased the total metal soil concentration, the increases were in the more 
unavailable Cu fractions (NaOH, EDTA, and HN03 fractions). The authors did not find 
significant correlations between total soil and plant concentrations of Cu. Also, there were no 
positive correlations between plant Cu concentration and concentrations of individual Cu 
fractions in the growth medium. Sloan et al. (1997) reported that more than 75% of Cu was 
found in the relatively stable Fe-Mn oxide and acid replaceable, residual organic, and residual 
inorganic fractions in both the control and biosolid-amended soils. Most of the copper in the 
applied biosolids was in relatively stable forms and did not correlate well with plant copper 
uptake; still, Cu concentrations in the aboveground parts of lettuce correlated positively with the 
total Cu content in soil. Research has indicated, that during co-composting of biosolids and 
municipal solid waste, the easily extractable and exchangeable fraction of Cu decreased from 
4.2% (day 0) to 2.3% (day 41) (Pare et al., 1999). In the same study, of the potentially 
extractable and exchangeable forms, 47% of the Cu was available at day 0, and this was reduced 
to 13% by day 13 and to 2.4% by the end of co-composting. The results from the above study 
have shown, that composting causes retention of Cu by strong OM ligands, thus reducing its 
bioavailability. 
In field experiments, Drozd et al. (1999) have shown that the application of 30, 60, and 
120 t/ha MSW compost did not increase Cu and Pb contents in lettuce in spite of their relatively 
high concentration in the applied compost (171 mg Cu/kg and 530 mg Pb/kg), most probably 
because these two metals were in non-available forms. Warman and Cooper (2000) compared the 
effect of application of fresh and composted chicken manure and NPK fertilizers in mixed forage. 
Copper exceeded the Canadian guidelines (CCME, 1996) for maximum concentrations for 
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category A compost in both fresh and in composted manure, however, the higher input of Cu via 
fresh and composted manure did not always result in higher Mehlich 3-extractable Cu in soils 
relative to the NPK treatments or in higher Cu uptake by plants. Warman and Cooper (2000) 
believed that the higher soil pH in compost and manured soils may have resulted in the formation 
of copper hydroxides and/or that most of the Cu in the fresh and composted manure was 
organically bound in the soil. Similar findings were reported by Chu and Wong (1987), who 
found that despite high contents of Cu and other heavy metals, crops grown on compost-treated 
soils accumulated lower levels of heavy metals than those grown on sludge-treated soils. This 
was probably because of the higher pH and organic matter content of the compost (Chu and 
Wong, 1987) and most likely because of lower mineralization. These findings clearly show that 
guidelines for maximum acceptable concentrations of heavy metals in compost should not be 
based on similar guidelines developed for sludge application. 
Research has shown that composting greatly reduces bioavailability of Cu due to the 
retention of Cu by strong OM ligands. Obviously, the more mature the compost is, the lower the 
Cu availability to plants would be. The application of some composts to agricultural soils, 
although increasing the input of total heavy metals, do not in all cases increase Cu bioavailabilty 
to plants. Therefore, the maximum permissible concentrations for trace elements in composts 
should be based on the actual bioavailable trace element content, on the crop being grown, soil 
and compost properties (Zheljazkov and Warman, 2000). 
Gas chromatographic analysis of the dill and peppermint oils revealed significant 
variations in oil constituents among the treatments (Appendix E). The results do not conform 
with the reports of Zheljazkov and Nielsen (1996), Zheljazkov et al. (1999) and Scora and Chang 
(1997), who did not find alterations in peppermint oil quality owing to elevated metal 
concentrations in the growth medium or in the tissue. Both Scora and Chang (1997) and 
Zheljazkov and Nielsen (1996) reported that heavy metals concentration in the plant oils from 
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various treatments were not different relative to the control. The above findings have clearly 
shown that essential oils in peppermint grown in heavy metals polluted medium are not 
contaminated. Thus, peppermint might be a good crop for remediation of heavy metal 
contaminated sites. Further research is needed to assess how soil properties would influence the 
synthesis and accumulation of various compounds in dill and peppermint essential oils. No heavy 
metals were detected in the dill and peppermint oils from any of the treatments. 
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CHAPTER 8 
CONCLUSIONS 
Conclusions from Chapter 3 
The application of Cu at 60 and at 150 mg/L decreased plant yields relative to the 
control. Basil yields were reduced by application of Cd at 6 and 10 mg/L, Pb at 500 mg/L, and 
Cu at 20, 60, and 150 mg/L. Copper application at 60 and 150 mg/L and Pb at 500 mg/L 
resulted in phytotoxicity symptoms in basil. Sage yields were reduced by the application of Cd 
at 6 and 10 mg/L, Pb at 50, 100 and 500 mg/L, and Cu at 60 and 150 mg/L. Both peppermint 
and sage developed phytotoxicity symptoms in the 150 mg/L Cu treatment. 
Within the conditions of the experiment, of the three species tested, basil was the most 
sensitive to Cd, Pb, and Cu in the growth medium, while peppermint was the most tolerant to 
elevated concentrations of the above metals in the growth medium. Of the three metals tested, 
Cu had the highest growth suppressing effect, while Cd was the most tolerable by the plants. 
Enhancing effect of Cu on Cd uptake, evidence for Zn interaction with Cu and Pb, 
(which seemed to be species specific) were observed. Phosphorus and calcium accumulation in 
various plant parts were affected by changes in the concentrations of Cd, Pb, and Cu in the 
growth medium, but unequally in the three plant species. 
Cadmium transfer from roots to shoots was impaired at high Cd concentration in the 
growth medium. In the high Cd treatments, Cd was accumulated mainly in the roots of the three 
plant species. Lead content in the above ground plant parts was below 5% relative to Pb content 
in the roots. Copper was accumulated mainly in the roots of the three plants. More Mn was 
measured in the above ground plant parts as compared with the roots of all three plants. 
Cd, Pb, and Cu concentrations in the wastes from distillation were very similar to their 
respective concentrations in the above ground plant parts. Cadmium in water from distillation 
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was below 0.125 mg/kg, while Pb and Cu concentrations in the water from distillation were 
detected, but very low. 
Essential oil constituents of peppermint, basil, and sage oils varied as a result of 
elevated concentrations of the heavy metals in the growth medium and in plants. Within 
peppermint, elevated concentrations of Cd, Pb, and Cu in the growth medium reduced the 
content of menthol in the oil. The application of Cu at 150 mg/L reduced oil content in 
peppermint and basil, but not in sage, while other treatments did not alter oil content. Essential 
oils from the three plants and various treatments were not polluted with Cd, Cu, and Pb; the 
concentrations of these elements in the oils from all treatments were below 0.06, 0.25, and 0.63 
mg/L, respectively. The three plant species could be successfully used for phytoremediation of 
metal polluted sites, without risk of contamination of the end product, the essential oils. 
Conclusions from Chapter 4 
Peppermint and basil yields were not affected by the treatments. Dill yields were not 
affected by Cd and Pb, however, Cu 60 and Cu 150 mg/L reduced both weight and height of 
dill. Copper at 150 mg/L resulted in Cu phytotoxicity symptoms in dill and severely suppressed 
plant growth. 
Cadmium accumulation in peppermint and basil was reduced by high concentration of 
Pb and Cu in the growth medium, indicating possible antagonism between these ions. At 
elevated Cd concentrations, Cd transport from roots to shoots of the three species was reduced. 
Copper and Pb accumulated primarily in plant roots, with Cu accumulation in plant roots higher 
in the presence of Cd and Pb. However, the observed ‘synergism’ might be due to competition 
for binding sites in the growth medium, resulting in high phytoavailability of Cu in the presence 
of Cd and Pb ions. Lead content in the leaves was around 10% of Pb content of the roots. 
Increased Pb in the growth medium resulted in increased Pb in roots and above ground plant 
parts. Heavy metal concentration in the wastes from distillation of peppermint, basil, and dill 
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was similar and positively correlated to metal concentration of stems and leaves. None or 
negligible amounts of heavy metals were transferred into the water during the distillation 
process. 
Mn accumulation in peppermint and dill was not affected by the treatments, however, 
tissue Mn of basil in all Cu treatments and in single Pb and Cd treatments was lower than in the 
control. These results suggest some antagonistic effects of Cu and in some instances of Pb and 
Cd on Mn accumulation in the basil roots. Tissue Zn in peppermint, basil, and dill was not 
affected by the treatments. Tissue Ca of peppermint and dill was not affected by the treatments. 
Within basil, addition of Cd, Pb, and Cu resulted in lower root Ca relative to the control, 
however, leaf Ca of basil was not affected by the treatments. Various treatments did not affect 
peppermint tissue P. High Cd, Pb, and Cu in the growth medium and basil roots reduced P 
accumulation in basil roots, but not in leaves. High Cd in the growth medium increased tissue P, 
high Cu in the growth medium resulted in decreased leaf P, while Pb concentration had no 
effect on tissue P of dill. 
The tested treatments altered chemical composition of the essential oils of the three 
plants, without a clear trend. Metal treatments reduced the menthol content in the peppermint 
oils. Essential oil content of peppermint did not vary as a result of the treatments, however, oil 
content in basil from the CdPbCu treatment was lower than in the control. Copper application 
at 150 mg/L reduced oil content in dill relative to the control. Concentration of Cd, Cu, and Pb 
in the oils of peppermint, basil, and dill from all treatments was below 0.06, 0.25, and 0.62 
mg/L, respectively. 
Conclusions from Chapter 5 
Compost applications to the growth medium in 20, 40, and 60% by volume increased 
dry matter yields from Swiss chard and basil relative to the control. With the increase of 
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compost addition to the soil, pH and EC of the growth media tend to increase. Basil from 20 
and 40% compost treatments had higher number of buds and flowers than plants from the other 
treatments. There were no differences between the control and the 60% compost treatments 
with respect to flower initiation. 
Increased rates of compost application resulted in increased EXCH fractions of Cu, but 
not of Mn and Zn. Compost additions resulted in an increase in the HN03, CARB, FeMnOX, 
and in OM fractions of Cu, Mn, and Zn in soils. 
Compost application increased soil HN03 extractable Ca, K, Mg, P, Na, B, and Pb, but 
did not change soil HN03 extractable Cd, Co, Cr, Mo, Ni, Se. Increased rates of compost 
application decreased tissue Ca in basil and tissue Na in both plants, increased tissue K, Mg in 
both plants, but, did not alter tissue P, Co, Cr, Mo, Ni of either plants and B in basil. Tissue As, 
Hg, Pb, and Se from all treatments were below 0.0125, 0.025, 0.625, and 0.025 mg/kg, 
respectively. In conclusion, the addition of high rates of relatively immature high Cu compost 
to soils may not always increase Cu concentration in plants and in essential oils from these 
plants. 
Conclusions from chapter 6 
Initiation of phenological phases in basil was affected by the treatments; plants in the 20 
and 40% compost treatments reached flower formation earlier than plants in the 60% compost 
treatment and in the control. Within basil, higher yields were obtained in the 20% compost 
treatments, while yields in the 40% and 60% compost treatments were not different than yields 
in the control. Compost application of 20, 40, and 60% to soil increased yields from Swiss 
chard relative to the control. 
Increasing the rate of SS-MSW compost application to the soil resulted in increased 
medium pH, and EC, significant increase of HN03 extractable soil Ca, K, Mg, P, S, Cu, Zn, B, 
Cr, Na, Ni, Pb, and Hg. In addition, compost application caused a decrease of soil Fe and As in 
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the 60% compost treatment. No clear trend was observed in soil Cd, Co, Mo, and Se due to the 
different treatments. Addition of SS-MSW compost to the soil resulted in increased tissue Na, 
Cu, Zn, and Mg, in both crops, B, K and Mo in chard, reduced tissue Ca, and Mn in both crops, 
and B and Fe in basil. Phosphorus and S in basil and Swiss chard tissue varied with no clear 
trend. No differences in tissue As, Hg, and Se betw een the treatments were found. Cadmium, 
Co, Cr, Ni, and Pb in the tissue from all treatments w'ere below' 0.125, 0.25, 1.25, 1.25, and 1.25 
mg/kg, respectively. 
The proportion of Cu, Mn, and Zn in different fractions w'as in sequence: OM » 
CARB - FeMnOX > EXCH for Cu, FeMnOX » CARB > OM > EXCH for Mn and FeMnOX 
» CARB = OM » EXCH for Zn. SS-MSW compost application increased soil pH and EC, 
increased the concentration of Cu, Mn, and Zn in all fractions, including EXCH fraction of Cu 
and Zn, however, decreased slightly EXCH-Mn. Uptake of Cu, Mn, and Zn w ere positively 
correlated with their EXCH fractions. Various treatments resulted in changes in the chemical 
composition of basil oil, however, without a clear trend. Heavy metals concentrations in the 
basil oil were below the detection limit of AAS. 
Conclusions from chapter 7 
Seed germination phytotoxicity test, showed a small decrease in cress germination and 
significant decrease in marigold germination in the compost treatment. Application of high Cu 
compost increased dill yields in the 20 and 40%, and peppermint yields in the 20% compost 
treatments. Peppermint seemed to be more sensitive to elevated Cu in the in the growth 
medium, peppermint yield reduction was detected when tissue Cu reached above 10 mg/kg DW. 
Increasing rates of high Cu compost increased soil pH and EC, HNO3 extractable soil 
B. K. Mg, P, S, Na, and Pb, did not change soil Cr, Hg, Ni, and decreased soil As, Cd, Co, Fe, 
Mo, and Se. Increased rates of high Cu compost application increased tissue P, S, N, Mo (in 
dill), K in some treatments, had no effect on tissue B, Co, Hg, Ni, Pb, and Se, and decreased 
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tissue Ca, Cd, Fe, Mg (in peppermint) Mo (in peppermint in 60% compost treatment). As and 
Cr in the tissue of both plants in all treatments were below 0.012 and 1.25 mg/kg, respectively. 
Addition of 60% high Cu compost to soil, increased HN03 - extractable Cu, Mn and Zn by 85, 
2 and 5 times relative to the control. 
Application of 60% high Cu compost increased Cu EXCH, CARB, FeMnOX, and OM 
fractions by approximately 6, 30, 100, and 200 times relative to their respective concentration in 
the control soils. The overall proportion of Cu in various fractions was as follows: OM > 
FeMnOx > CARB > EXCH. However, for the control soil the above proportion was CARB = 
OM > EXCH > FeMnOX. 
The addition of high Cu compost to the soil decreased Mn EXCH fraction. The lowest 
values of the Mn EXCH fractions were detected in the 20 and 40% compost treatments. 
Addition of 60% compost to the soil increased Mn in the CARB, FeMnOX, and in the OM 
fractions by 4, 2.5, and 3 times respectively relative to the control. The proportion of Mn in 
different fractions followed the order: FeMnOX > CARB > OM > EXCH. 
Zinc fractions in the control soils was FeMnOX > CARB > OM = EXCH. With 
increased rates of compost application Zn EXCH fraction increased negligibly, while Zn 
CARB, FeMnOX, and OM fractions in the 60% compost treatment reached respectively 8, 9, 
and 5 times higher values than in the control soil. Overall, the sequence of Zn in various 
fractions was in order: FeMnOX > CARB > OM > EXCH. Tissue Zn of peppermint did not 
correlate well with variations of Zn concentration in any particular fraction. Application of high 
Cu compost induced changes in essential oil quality of dill and peppermint, however, did not 
result in metal tranfer into the oils. 
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APPENDIX A 
EFFECT OF ELEVATED CONCENTRATIONS OF CD, PB, AND CU ON ESSENTIAL OIL 
QUALITY OF PEPPERMINT, BASIL, AND SAGE GROWN IN PERLITE 
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APPENDIX B 
EFFECT OF CD, PB, AND CU AS SINGLE METALS AND IN COMBINATIONS ON 
ESSENTIAL OIL QUALITY OF PEPPERMINT, BASIL, AND DILL GROWN ON PROMIX 
Figure B. 1. Gas chromatogram of peppermint essential oil from the control. 
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Figure B. 3. Gas chromatogram of peppermint essential oil from the Pb 100 mg/L treatment. 
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APPENDIX C 
EFFECT OF HIGH CU COMPOST ON BASIL ESSENTIAL OIL 
Figure C. 1. Gas chromatogram of basil essential oil from 0 % compost treatment (control). 
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Figure C. 2. Gas chromatogram of basil essential oil from the 60 % compost treatment. 
185 
APPENDIX D 
EFFECT OF SS-MSW COMPOST ON BASIL ESSENTIAL OIL 
Figure D. 1. Gas chromatogram of basil essential oil from 0 % compost treatment (control). 
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Figure D. 2. Gas chromatogram of basil essential oil from the 60 % compost treatment. 
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APPENDIX E 
EFFECT OF HIGH CU COMPOST ON ESSENTIAL OIL QUALITY OF PEPPERMINT AND 
DILL 
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